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Cata Carbonate Deposition Associated With 
Blue-Green Algal Mats, Baffin Bay, Texas 



^Present addreas: PhilJjps Petroleilm r , 

etr ° IeUm Com P«y. BartlesviJle. Oklahoma 



a distiijcdv Abstract 

mats ^TSj^^JZ 0 ' te i? ed nfcriie;™ is f orminB b . f . . ^ 

»«^ed with S£ Tolb ^ C01)9i9,s «-SlSy oftTc '^ ^ ^ ^ aI « al 
supersaturated S « Z t Uk S materia1 ' * Miewd to tm?T ' araeonite 
Serial deeo^Crf ~ " *< ^ t'Sifi^.STE^^ 



Introduction 



of Co^ ^K^^^*- Texas Gulf Coast, so.e 30 miles South 

r k in ^ ipiS^HT" T and restricted water ^ 

j° of sedentary ^^LT^ ^ h ^ s ^y is 

1960a) This suite is ^ § of vaTus r\ ?°f 6d ™ < Ru ^ 

types including a distinctive grain tl jS " ^ e " Wntt Carbon « te ^in 
association with the bJue. gree „^l gaI ^^tf ^ * dmort - 

type Tins vorJc is part of a more Jrn ? l et e it M T^A ^ grain 

- ty .Houston Texas (Dalrymple, 196^^1^ T** 1 degree at *** Un - er - 
atalater date. P " ^ "Mete work is intended for publication 

Petrography 

Tn die -interests of K j 
*-d, «a! ga l naicrite herein will he 

are recognized. R US nak (196 0a) de3 ? ib ^ " ^P 1 ^^ of this term 
apparently failed to observe ll "? Iar a S^tes from Bafih, Bay but 

df)a, P. 172) state d thT« ** rf . algal mats ftLl 

carbon^e-coated sheUfragn.e^;.". 7 aU ^ a * «oci«ad with oolites and 

• ^ufZZ^t SS^SJ to «~» colored, ^ disp, ay 

^rved, fro™ one-sixteenth ^ ° f size * has been ob 

jailer grains are irregul ar ] y ^t in / J? 2 °° min ™«** in length. The 
flattened and flake-like £ appease aT «"*»■ «e hTnaht 

-erely cemented ag^gate^of th^r moT~ *? ^ ^ flattened « 

In dun sectzon, algal ^icrite ^Zj'^ ■ h - 

gr*ms seen to co nsi9t p„ ma rily of randomly dis- 
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e-Green Algal Mais 




FlC " L IndCX map ° f T '™ Wf C 0ast and the Baffin B ay 



area. After Fisk, 1959. 
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Calcium Carbonate Denf><iti*» a 
posed, silt- and clay-size crv^ D i= * i ■ 

Serial ^ joins smal]> Z^f^^ ^ ^9) . The 

flattened grams appears ^ y f c th?" ^ t0gCther to form the lar*e r 

Process by which the larger graiL at pSS" ^ (R * 3A) ' 
ra^er than "cementation" * ^ Pr ° duCed a »«™ * be one of "coalesce^ 
, decalcification of on* »f 1 

-i ght W and Ieft a fc^%5^^* acetic acid Suited in a 52% 

Th- rephca appeared to consist of n7uc ZTou ^. ttd Sh T« *» original grain. 

the characteristic cloudy, semi- 0 p aque ZwZZFu ^ cW "tutors to 
when viewed in transmitted light appCarance of ^-sectioned algal micrite grai ns 

h T e ^ toS?^^ yeiw is h. 

algal raiC rite grains i 5 arag0nite 7 ana,ySlS lndlcates * at the calcium carbonate of 
«J appe„ white in refleotC(| ,. h ' ™ ™ «™*> *«■*»• of perhaps ten 

microns. In 

bleb, was observed in the organic L^JT? ^ abundance <* i^tical 
f f * - J he org^ ^^2^ ^ ^ 
f { ™ hlebs of similar ske and shane huhl u? . ^ commu " ^- 1" addition, 
%ht were observed. Purdy UftE fct ^ W^wce * reflected 

- iron ^phide re sultin7frl t ^ " ^ ^* 

^eta lic-appeanng blebs in Baffin Bay ZT2rt * ^ W ^ 

certainly hydrogen sulphide i s r> r JZ 7u T have a sira ^ origin- 

It should be noted that algal ^tdo no7 I ^ ^ ^ °< ~ 

crystalline calcium carbonate. Repn!5^TV^^ 
-en to be incorporated in algX^al Vpl ^ * P " ° f 

rnicnte grains and many 0 f & l^LT, 1 ? U) MoSt of ^ sma "«r algal 
"accessory" g rain typ^ (Fig 4B) Tf ' deV ° id of ^ o^r 

cryptocrystalline CB^f'J^^t^T "* C0 °*™ d <* 

grams which are often incorpora ed t L ' ^ gfainS ' ° 0ids co «ed 

defined by Purdy (1963a, p 344) T « * Bahanuan grapestone, which is 
' P ' )SS CCniented *OW» of skeletal and nor, 
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The distribution DlSTRIBUTI ° N ° F ALCAL Mc ™ Cjuiw 
than one-eighth millLcter/Jf HffiU ft** 8 ° 0lnprisin S 1,36 coarse fraction flareer 

outstanding character^ of £ S^rTT^ Sedimem San * ,es ' T ^ 
be the coincidence of high volume p erc 7n ^7th * ^ **" ^ fou « d '» 
. development. In view of this ^pJeZ Z^J ^ ^ ° Wed ^ mat 
^^^B*B. y JJj3^ - consider the in- 

Sediments of Algal Mats 
The fur-like surface of livine aim I • 
extend a short distance up intott^eTymg * &] ™»* 

sheaths (Ginsberg, I960) which com S ^1 Thes * carry mucilaginous 

enables the mat to trap or Tsa^ ^^f™^ ™ture of the fila- 
As the 1^ have motility^ ^^2, ^ ^ " C ° ntact 

and Conover, 1962), they ^^^Te^ZTT " ^ (S — 

recently deposited on then, and re JfcZh a P J ' COntinuous ^ of sediment 
Ration of 3edinientation ^^ fro^'f; r (Gil>Stu ^ 196 °)- Thu,, 
sedment (Fig. 4C ). The first "1^^ ^ * * laminated 

^ the«e to the "stromatolites" commol i £f 7 ^ laftlinated »ch 

invest of ^ ^^J^^ I 3 "ft ? S l3Ck ' S ( 1933) 
Gxnsburg (i960) and Logan (1961) IT i!j i Islands ' Black and later 

Oolites to their various anciit Jll^f J?-^ W ° f ««► 
recently completed an exhaustive classS , , ^ L ° gan Ct ^ (1962 ) have 
pretation of their environmental si 

gnificance ° toget ^ er Wltn *n inter- 

Several stromatolite samples from the B n ffi„ ft 
were impregnated under a parti Tt^l ^ ^ aUoWed t0 ^ and 
aerographs of these topgXT^l^^^ ^ ™ n photo- 
graphs show that nearly eve^aTn s iL in. ™ ^ 5 7 " ^ P^to- 
- incorporated into ^MnZ^^O^^ * ** B " '™ 
n^ent-rich W^e, indicating either perfoXf f v f i"? ' Iteraal ' «*- 
mentation, or most likely, a foSTof^ 'r^ ^T^' ° f sedi " 
fluctuate with changing water level !l t j Jn ' y 1116 SU PP^ mm* 
at least the rate of g^th, "£ y ttS T« ? ^ ^ l ^ <» 
as by the rate of sedimentation Lelf 7 ° f ° ther eColo S^aI factors, as well 
The stromatolites of the Baffin Bay complex are completely novated. Lo gan 

Frc. 4A. Thin-section t>w** 





Fic. 5A Tiin-section ulai^^T ' ™ " " ' ^ V li ^^ flf fl | j| 

stages jh the development „f £ * ph of P Ia stic- mprcenaied al™] 



micrite 
120. 
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Calcium Carbonate Depo. 



«i*>n Associated unih Blue-Creen Al S al Mats 




«3«* hava „„, bw, observ ^ ta (t^burs, 19S3) . The acicrfa, 

reported ky (Bft) ^ ti^TST "'^ »™ 

Instead, calcium carbonate DW im h( - / ffin Bav area - 

THe grain type renting™ ^ SSSSSlT^ tfae 

not been previously described in the 1 teTtu^T 1 * ^ type W«tlr has 
be discussed. hteratur *- Several possible modes of origin will 

Discussion ofthe Oricin of Algal Micrite 

citta carbonate (see also Rusnak, ££ 7 HT ^ ten 
prox^ately fifty pe rcent calcium '0^3^^^ ^ a P" 

if ^ terrigenous mud. The non cTrW ^"^I ^ grains contain 

up largely of incorporated q«am7a a dTnd 2 , ^ ° f ^ " «"de 

This lack of terrigenous IhX 1 I mUC1,a ^ nous material, 
grain, originated as the wj^^.**? ^ ' u,es 0ut *e theory that the 
of feeding L^r^ fjZt^^TT^ " * ^ ^ ~ 
on the organic matter of the mat itself hn J? )- 0r S mii3ms feeding directly 

jerial essentially devoid of te^us ZTa Tf ^ ^ P^eLolJ? 

vanity of the Baffin Bay ma ^ wlTa^LlT ? 7 ^^ertebrate found in the 
. observed only rarely cJL * ■ ulu <^'tfed worm This w n ™ J 

""WtekMle fecal atrial ia Z, T*" f*"' 5 " re equivalents 

and henee ao.Wowed. ^ ^ ™ *<; ■»•», regular,,, l3mina 4 

Auatralia, „ ere SthifiK| fa ^'i,,"™ 1 ' stromatoli.es of Shark Eav 

«f the «m Mt of Shark Bay ^Z I, " b j " dged to * *> «q»i«*»° 
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° f the water the mat complex, thus 

In considering the po JbL ^ V ag,ng P reci P^ion. P ' 

citation from sea water. I1W (mt)^ u/u ^ * result of di »*f pre- 
as existing of «. . . finely^dlf^^nf °' 
Seated particles of mud dun^LTT " " ' C °-P°sed of ag- 

precipitated from sea ^r^tT^Z^ " * th " * » *4 

are similar to the material & ^7^1^^°^^ *«P* «d 

P. 30). I„ essence, then, fflbj ^d^™ themSelVeS " ^ > ^ 
talhne aragonite from sea water 6 P^Pitation of microcrys- 

^^^^t^^ «W ^ strong 

the grain, This in fluence ^^ZT* T ^ th * « 

activity of the algae in the uppt 2 o„ es of T ^ 
prestation by extracting JrlZ TZdltorn T ^ ^ CaM ™ 
Eardley (1938) cites this process as ^ * fa imm ^iat e vicinity, 

magnesium carbonates in L u^Xll^T' 5 ° f preci P itation <* ***** and 
^ilar process is active in Ib^bI^u^ ° f Great ^ Utah. If a 
tated carbonate to occur as JZ?!^ ^ ^ * e P reci Pi* 
fi- crystal on the surface ofTe ZTLfl^t^ " * " 3 °' 
served in the Baffin Bay mats Bac^rf* these modes of occurrence was ob- 

?«. ^wever, intaW Je^^^^ ^ catal ^c effects within the 

mducedby photosyntheticLvtyTrelTslffl T ° f ^T* Cari>0nate Potation 

Alternatively, decomposition of S^^T ^ ^ 

sonifying bacteria couid result Z the ""^ in the mats * «»■ 

cafcium carbonate in the -nnerdL^^^ rf 

NH 8 +H 2 0 = NH 4 OH ' 

rerous character of the Wer layers of k T ■ 8 Mmro "°"»>'. l-t tie black, oderi- 

mem in .he mat is subsUntiateT h y 7e work of '""""J * " «"W 
»ko de^ibe a of hydrogen adptd^th « " ^ 'J 9 * P ' 69 ' 
• ■ • and bacteria including Belgiou so » i„ ij. • " S * ut(>1 " , P 1,re P">pl« bacterium 
'i-rface.ftbe^m.Lf SK^S^T ' '°" r * -""""'^ b *» 

J«n in dun sectiona of pwLp^™l? T ^ ""T* t ° rti '" x «' «"» ■»«• A. 
le in a f nae "replacing ft. origSXj SSH^ *" ^ miCriM to 
be ,ecn from pare organic mit J^Cf* ""^'f 1 - Por raim Pfe. «fl gradationa can 
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^^^^^^^ 

of an alga] mat is Brn k.vi . y organic matter in the lower r ~A ■ auced 

tena not evenly and regularly' Cu£t T L " k ^ * *>y *ac 

suable for bacteria] activity. The j^SlJ of T' ^ preferen£ ^ at loci ^ t 
ty rap ld reproduction of tie bacteria l ^ * ! ° C1 ^ even be empWed 

aJgai micrite, the sites of mo,t acZTh* Z 7 " C ° nSUlned "replaced" bv 

Ve, Margin, and caajj^^™? ™* «v. through ^ ^ 
ffate texture commonly seen t tfJ ? * f ° rmed ,f ains «*d resulting i n the at«, r * 
given layer or layers w^rLlaf IT T\ C ° nfi — ' of this § activity t a 
in the larger aggregate, 1^^^^!^ f ^ " ^ 
rephca of the original layer. W ° UW te m continuous micrite 



Summary 

la summary, several hypotheses (™ *k - , 

considered in light of ob S ^ a ^ia de * ^ W fe- 

rn the Baffin Bay area and on sinX tti * ?u ^ ^ OCCUr ™ c * of Ae se grains 
tion does not permit an ^iSX^* ft 3reas " P^ent inform" 

. followi ^ interpretation bJJZ££?*? * *? g«* of grains, the 
a 5 nucrocrystalline aragonite dirXfrn ^ ^ The ffiicrite is Precipitated 

algal mat, ^ specifi * t^oT " 'K^/V'* * Wi * 

^ anaerobic bacteria involved in the dlnWH * l induC<M of Precipitation 
be m ;° lved - ^us the pr.cipita.ion mayTZXr **T ^ ™* 

mat D JS crete loci of initial micrite pteVtetll * Slower, reducing .ones of the 
for bacterial colonization. J" 80 ***"* ^ay be related to more favorable areas 
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We have investigated present-day alkaline environments and studied 
carbonates formed under these conditions. The crater lake of Satonda 
Island/Indonesia contains seawater which has become slightly more alkaline 
than average seawater due to the operation of the alkalintiy pump in its 

lSSOh* iQQ? 3 ^ thS lakS , is 11 r f ducin 9 bel °" 22 m) (Kempe and Kazmierczak, 
1990b, 1993). The increased alkalinity and pH and the increased calcite and 
aragonite supersaturations enabled the formation of reefs composed in part 
of in vivo permineralizing with high Mg-calcite cyanobacterial mats 
(Kazmierczak and Kempe, 1990, 1992). These are the first in vivo calcifying 
recent microbialites reported from a modern marine setting (the other 
modern marine microbialites grow mainly by trapping sediment particles on 
the mat surface). In a sense, Satonda provides us with a recreation of 
ancient ocean conditions, when abundant in situ calcifying microbialites 
(stromatolites and thrombolites ) occurred. In Lake Van, Anatolia, Turkey 
the largest soda lake on Earth, we found columns of microbial tufa up to 40 
m high (Kempe et al., 1991). These form at places where ground water with 
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h i 9h Q ?f co ™= entrations mixes with the very alkaline lake water (150 meq/1, 
PH 9 7) . The inorganically precipitated mineral phase is calcite which 
provides a hard ground for coccoid cyanobacterial mats which in turn 
permineralize with aragonite. The mats stabilize the columns and form a 
thick outer crust. Theses examples illustrate that Precambrian and 
Phanerozoic marine calcareous microbialites can best be explained as having 
termed in an alkaline environment, highly supersaturated with respect to 
carbonate minerals. 

Descriptors: alkalinity; seawater evolution; lakes; chemical limnology; 
calcification; chemical oceanography; paleoceanography; Precambrian; 
Pnanerozoic; mineralization; microorganisms; fossil sea water; relict lakes 
; algal mats; Cyanophyta; Indonesia, Satonda I.; Turkey, Anatolia, Van L 
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Ocean Chemistry, Organization of Living 
Systems, and Biocalcification Processes 
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Scknittspaknstrasse 9, D -64287 Darmstadt, Fed. Rep. Germany; 
2 Institute of Paleobiology, Polish Academy of Sciences, 
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ABSTRACT 

The present ocean has an alkalinity ranging from 2.1 10 2.5 meq/L We suggest 
that changes in seawater alkalinity (associated with changes in TC(X pH and Ca 
concentration) were a major driving force for the biological evolution, the onset of 
biocalcification and changes in the pattern of carbonate sedimentation observed 
throughout Earth's history. 

Thermodynamic, mass-balance and kinetic arguments suggest that the 
Pre Cambrian ocean had a verv high alkalinity, similar to the chemistry of modem 
Soda Lakes (Soda Ocean Hypothesis) (Kempe and Degens, 1985; Kempe et aL 
1989). This high alkalinity must have arisen shortly after the establishment of the 
first oceans due to the weathering of the early komatiitic crust in the presence of 
water and carbonic acid (Urey reaction). In the Proterozoic ocean this alkalinity and 
the associated sodium were slowly extracted by pore water subduction, the 
consequential formation of albite in the granodioritic crust, the formation of long- 
lived carbonate deposits and the increase of the sedimentary organic carbon 
reserv oir. Due to decreasing alkalinity, the concentration of the free Ca ion could rise 
from below 10' 5 M to 10 3 M causing a strong Ca stress for the biota During that 
time, the ocean has been highly supersaturated with respect to most carbonate 
minerals, allowing inorganic and microbially mediated precipitation of Ca and Mg 
carbonates in places where Ca and Mg were introduced to the ocean (submarine 
springs, riverine and ground water inputs). 

With the increase of oxygen and the oxidation of the reduced sulfur pool to form 
sulfate in the ocean, a second mechanism modulating seawater alkalinity appeared: 
sulfate reduction in stagnant oceanic basins (Kempe, 1990). As exemplified in the 
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Black Sea today, these basins could function as alkalinity pumps: during the 
oxidation of sinking organic carbon sulfate is reduced and its negative charge is 
substituted by bicarbonate ions, increasing the alkalinity in proportion to the lost 
sulfate. Slow upwelling, eddy diffusion or overturn furnish excess alkalinity to the 
ocean causing local, regional, or global supersamration events promoting increased 
CaCCh formation. Negative excursions in the 5"C record noticed 10 icarbonate 
sequences are interpreted to mark such events of excess alkalinity in Earth history. 

In order to substantiate these hypotheses, we have investigated presently 
alkaline environments and studied carbonates formed under these conditions. I tie 
crater lake of Satonda Island/Indonesia contains seawater which has become slightly 
more alkaline than average seawater due to the operation of the alkalinity pump hi 
its deeper parts (the lake is reducing below 22 m) (Kempe and Kazmierczak, 1990b, 
1993). The increased alkalinity and pH and the increased calcite and aragonite 
supersaturations enabled the formation of reefs composed in part of in vivo 
permineralizing with high Mg-calcite cyanobacterial mats (KazmtjsRCZAK ana 
Kempe. 1990, 1992). These are the first in vivo calcifying recent microbialites 
reported from a modem marine setting (the other modem marine microbialites grow 
mainly by trapping sediment panicles on the mat surface). In a sense, Satonda 
provides us with a recreation of ancient ocean conditions, when abundant m situ 
calcifying microbialites (stromatolites and thrombolites) occurred. 

In Lake Van/Anatolia, the largest soda lake on Earth, we found columns of 
microbial tufa up to 40 m high (Kempe et ah, 1991). These form at places where 
ground water with high Ca concentrations mixes with the very alkaline lake water 
(150 raeq/1, pH 9.7). The inorganically precipitated mineral phase is calcite which 
provides a hard ground for coccoid cyanobacterial mats which in turn perrnmerauze 
with aragonite. The mats stabilize the columns and form a thick outer crust. 

• Theses examples illustrate that Precambrian and Phanerozoic marine calcareous 
microbialites can best be explained as having formed in an alkaline environment, 
highly supersaturated with respect to carbonate minerals. 

Le role de r alcalinite dans revolution chimique de l'ocean, l'organisation 
des systfcmes vivants, et les mecanismes de la biocalcification 

RESUME 

L'alcalinite actuelle des oceans varie de 2.1 a 2.5 meq/1. Nous suggerons que les 
changements dalcalinite" des oceans, assoctes aux variations de TCCfe, de pH et de 
concentration en ions Ca. ont ete une force deduction pour revolution biologLque 
dans I'histoire du globe, et qu'ils ont du determiner le d6but de la biocalcification et 
les modifications de d6p6t des sediments carbonates au cours des temps geologiques. 

Des arguments thermodynamiques et cinefcques et les bilans de masse semblent 
montrer que l'ocean Precambrien presentait une alcalinite" tres 6Ievee, similaire a 
celle des "lacs alcalins" actuels (soda ocean hypothesis). Cette alcalinitd 61ev6e est 
vraisemblablement apparue juste apres la formation des premiers oceans et a resulte 
de Alteration de la premiere croute "komatiitic" par des eaux riches en acide 
carbonique (reaction d'Urey). Dans r ocean Prot6rozoique, ralcalinite dimmue, le 
sodium est lentement extrait par la subduction de l'eau interstitielle, avec pour 
consequence la formation d'albite dans la croute granodioritique, la formation des 
depots anciens de carbonates, et V augmentation du reservoir de carbone organique 
sfedimentaire. La diminution de l'alcalinite permettait une augmentation de la 
concentration en ions libres Ca de 10 5 M a 10' i M, provoquant un stress calcique aux 
organismes vivants. Cet ocean dtait fortement sursature en la plupart des mineraux 
carbonates, favorisant ainsi la precipitation inorganique ou d'origine microbienne de 
carbonates de Ca et de Mg dans des sites ou le Ca et le Mg arrivaient a l'oc£an 
(sources sous-marines, arrivees d'eaux souterraines ou de rivieres). 
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Avec Taugmentarion de l'oxygfene, I'oxydarion du reservoir de soufre rdduit 
aliait former les sulfates des oceans, ere ant ainsi un second mecanisme modulant 
ralcalinite" de Teau de met : la reduction des sulfates dans des bassins oceaniques 
stagnants (Kempe, 1990). L'exemple acuiel de la mer Noire momre que ces bassins 
peuvent fonctionner comme des pompes alcalines : pendant l'oxydation du carbone 
organique lors de sa chute vers le fond, les sulfates sont reduits et leux charge 
negative est remplac^e par les ions bicarbonates, ce qui augmente Talcalinite 
proportionneliement au sulfate 61irnine. A l'occasion de lentes remont6es d'eaux ou 
d'autres deplacements, des sursaturations se produisent dans l'ocean, entrainant des 
precipitations de calcaire. Les ecarts negatifs des mesures de 5"C dans les sequences 
carbonatees sont interprets cemme des temoins de ces episodes d'exces d'alcalinite* 
dans ITaistoire du globe. 

Dans le but de confirmer ces hypotheses nous avons euidie", dans les milieux 
alcalins actuels, les carbonates formes dans ces conditions. Le lac de cratere de 
Satonda en Indonesie est ligerement plus alcalin que l'eau de rner normale, 
consequence du ph6noraene de pompe alcaline pres du fond, ^augmentation du pH ; 
de TalcalinM et de la sur saturation en calcite et en aragonite a perrois la formation 
de recifs composes en partie de tapis cyanobacteriens riches en calcite magnesienne 
(Kazmibrczak and Kempe, 1990, 1992). Ce sont les premiers microbialites 
calcifiants recents signaled en situation marine acuielle; les autres se developpent 
surtout en pageant les particules de sediment a la surface des tapis. Satonda 
constitue ainsi un modele recreant les conditions de l'ocean primitif, dans lequel se 
trouvaient en abondance des microbialites calcifiants (stromatolithes et 
thrombolithes). Dans le lac de Van en Anatoiie, le plus grand lac alcalin de la terre ; 
nous avons trouve des colonnes de tuf microbien de plus de 40 m de haut (Kempe et 
aL, 1991), qui se fonnent la ou les eaux souterraines se melangent aux eaux tres 
alcalines du lac (150 meq/1, pH 9.7). La phase minerale precipitee, de la calcite, 
fournit un substrat dur pour les tapis de coccoides cyanobacteriens qui, a leur tour, 
s'enrichissent en aragonite. Les tapis consolident les colonnes qu'ils revetent d'une 
croute Spaisse. Ces deux exemples de genese actuelle de revStements calcaires 
d'origine microbienne pexmettent de supposer que les microbialites marins calcaires 
du Precambrien et du Fhan&ozoique se sont developpes dans des bassins oceaniques 
ayant les memes caracteristiqu&s chimiques : milieu alcalin sursature* en mineraux 
carbonates. 
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PROLOGUE 1 (the scientist) 
"// the Earth was populated with life so soon after it had been 
meteoritically sterilized, why did three billion years then go by before fossils 
of creatures with differently specialized cells, began appearing in the fossil 
record, whereupon there was a huge explosion of diversity? That objection 
can be met in two ways. First, there was a lot going on. Single-celled 
organisms can beMS complicated as jellyfish, slime moulds and fungi, as 
someone put it... "they had to learn all thai chemistry 3 ' . But who in any case, 
says that the acquisition of the biochemical machinery of differentiation and 
sexual reproduction, the origin of biodiversity, would have been child's play?*' 
(John Maddox, 1994. — Origin of life by careful reading. — Nature, 367, p. 409). 

PROLOGUE 2 (the novelist) 

"Wouldn't intelligence arise again and again?" Barnes said, "Well it 
barely arose on the Earth" Beth said, 'The Earth is 4.5 billion years old, and 
single-celled life appeared 3.9 billion years ago - almost immediately, 
geologically speaking. But life remained single- celled for the next three 
billion years. Then in the Cambrian period ... there was an explosion of 
sophisticated life forms. Within a hundred million years, the ocean was full of 
fish. Then the land became populated. Then the air. But nobody knows why 
the explosion occurred in the first place. And since it didn't occur for three 
billion years, there's the possibility that on some other planet, it might never 
occur at all" (Michael Crichton, 1987. — Sphere. — Ballentine Books). 
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1. INTRODUCTION 

Physicists search for the grand unification theory, a sort of world formula 
describing the physical principals of macro- and microcosms. Geochemists 
strive to uncover the driving forces behind biogenesis and evolution. 
Panspermia is only an option if shown beyond doubt that biogenesis was not 
possible on Earth. Until then, the most plausible assumption is that life 
originated in the early ocean of Earth, shortly after accretion. The 5 I5 C 
signature of the organic carbon preserved in the Tsua formation, Greenland, 
already carries the clear signal of photosynthetic fractionation, 3.8 Ga (giga 
anni = 10 9 years) before present (Schidlowski et ah, 1979). The biochemical 
reactions which we call 'life'* must have evolved during the first 0.7 Ga of 
Earth history. This is the Hadean era of which we do not have any preserved 
record save for a couple of reworked zircon crystals dated to ca, 4.2 Ga 
(Compston and Pcdgeon, 1986). Any hypothesis regarding this part of Eanh 
history must therefore always remain speculative. Nevertheless it should be 
possible to construct a plausible scenario of early Earth applying geochemical 
principals. Such a scenario can then be tested if it is compatible with the post- 
Isua rock record and with biochemical requirements for basic functions of life. 

In this paper we present such a scenario which we think is both plausible 
and which offers geochemical causes for some of the major evolutionary 
events such as the onset of biocalcification which marks the beginning of the 
Phanerozoic 0.57 Ga ago. 

We attempt to link recent achievements in geochemistry, paleoceanogra- 
phy and paleontology with results of biochemical, biomolecular and 
physiological experiments, particularly those concerned with the universal 
function of calcium. in living systems. Central to our arguments is the 
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hypothesis of an early alkaline (sodic) ocean (Kempe and Degens, 1985), 
which calls for an initially very low Ca content in the seawater. Its 
subsequent, order-of-magnitude increase during the Precambrian, led to a 
hypothesis (K^zmierczak et ai y 1985), which explains the sudden onset of 
biocalcification and biophosphatization processes near the Pre- 
cambrian/Cambrian boundary as a common Ca detoxification response of the 
marine biota. This concept expands an early idea of Semkjss (1977) to a 
biohistoric time scale. It regards biocalcification as a means to remove the 
enormously cytotoxic Ca l+ ion from cells. Cytophysiologically and 
ecotoxicologically ; Ca : ~ can be compared with other biologically active 
metals. These can be essential or beneficial for cells at strictly defined 
(optimal) levels but are subtoxic or lethal at higher concentrations. Larger 
thin required extracellular Ca concentrations may increase its influx into the 
cytoplasm and cause "calcium stress". This phenomenon may not only have 
initiated biocalcification but also controls the formation of (bio)carbonates 
throughout Earth history, governing the global carbon cycle. In addition, the 
calcium-evoked excessive extracellular secretion by planktonic algae 
regulates macrofloc formation and therefore the rate of vertical particle flux in 
the ocean (Degens et aL, 1985; Degens and Itibkkot, 1986). 

Here we present arguments that these processes and their temporal and 
spatial fluctuations can be attributed to changes in seawater alkalinity - the 
most critical factor in natural waters controlling the acid-base equilibria and 
the dynamics of ionic exchange in living systems. 

2. THE CARBONATE SYSTEM: A SYNOPSIS 

Life processes involve the formation or destruction of high molecular 
weight organic matter, from or to inorganic carbon of very low molecular 
weight. Withdrawal or addition of inorganic carbon to water or air in contact 
with water alters the parameters of the carbonate system (a term used to 
signify all of the reactions involving anions of carbonic acid). Table I lists the 
most prominent natural processes which cause changes in the carbonate 
system. These changes are best described as changes in carbonate alkalinity 
and as changes of the total CO2 concentration (TCO: or sum CCb). Alkalinity 
is defined as the sum of the charges of ail anions of weak acids and total 
alkalinity therefore includes not only the carbon-bearing species > HCO3* and 
CGr , but also borates and other ions of weak acids (mostly given in units of 
meq/kg or ueq/kg). TCO2 in contrast is the molar sum of ail the carbon 
bearing species (mostly given as mmol/kg or umol/kg). Neglecting ion pairs 
the definitions read: 

Carbonate Alkalinity = [HC0 3 ] + 2x[C03 a ] 

TCO2 = [HCOs] + [CO^] + [C0 2 ] +[H2C03] 

Because the contribution of free COs plus carbonic acid to TCO2 is small 
in seawater, alkalinity is numerically the larger value of the two. In today's 
ocean, carbonate alkalinity averages 2.20 and 2.26 meq/kg and TCO2 2.01 and 
2.23 mmol/kg in surface and bottom waters, respectively (Broecker and 
Peng, 1982). The differences between the bottom and surface waters arise 
from photosynthesis and calcite precipitation which occurs in the surface 
layer of the ocean, forming sinking organic and calcareous particles. While 
sinking, respiration and redissolution replenish the carbon and the associated 
nutrients to the lower water column. 
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Table I 

Summary of processes changing aU&liniiy and TCCh 



Process 


chnncM»c in afbfitinitv 


phnnppc in TPOi 


pCOz in air increases 


no change 


increase 


pCO* in air decreases 


no change 


decrease 


photosynthesis 


slight increase 


decrease 


respiration 


slight decrease 


increase 


CaCXh precipitation 


decrease 


decrease 


CaCOs dissolution 


increase 


increase 


sulfate reduction 


increase 


increase 


sulfide oxidation 


decrease 


decrease 


silicate weathering 


increase 


increase 


silicate deposition 


no change 


no change 



The fact that redissolutipn can occur in marine bottom waters shows that 
the saturation with respect to CaCO minerals is transgressed somewhere in 
raid water. The ocean is supersaturated at the surface and undersaturated at 
the bottom with regard to both aragonite and calcite. To describe the state of 
saturation the product of the actual ion activities of Ca 2- and COf is compared 
with the solubility product (K) of the mineral in question: 

Saturation index (SI) «** = logCfCa 2 "] x [CCb 2 ] /K«w*) 

In this notation positive Si's signify supersaluration, zero is saturation, and 
negative values indicate undersaturation. Due to the increase of the CO2 
pressure (pCCh) - caused by remineralization - with depth, the CO3 2 
concentration changes from 0.20 to 0.06 mmoi/kg. At the same time the 
solubility product changes due to the increase of hydrostatic pressure. Both 
effects together - plus the effect of temperature decrease - diminish the Simon 
from between 0.4 to 0.6 in oceanic surface waters to zero at 4,500 m in the N- 
Atlantic to less than 1,000 m depth in the N-Pacific (e.g. Broecker and Peng : 
1982). In bottom waters the saturation index drops well below zero, i.e. into 
the undersaturated range. 

It is interesting to note that no spontaneous inorganic CaCOs precipitation 
occurs in the present surface ocean even though it is substantially supersaturated 
with both aragonite and calcite. Spontaneous calcite' precipitation apparently 
needs a supers aturation of at least SI = 0.8. Svensson (1992) found in 
laboratory experiments that at this apparent saturation noticeable calcite 
precipitation terminates. Kempe and Kazmierczak (1990a) showed that the 
Slcaicfc was equal to or larger than 0.8 in a number of lakes sustaining growth of 
in situ calcifying cyanobacterial mats (cyanobacterial microbiaiites). 

All marine carbonates precipitated today are formed predominantly by 
enzymaticaUy controlled processes. This tends to keep the ocean from accu- 
mulating Ca 2 * and CGr ions and keeps it below the threshold of Sic*** < 0.8 
where spontaneous precipitation would finally occur. It is on the other hand 
also readily understood that small changes in the carbonate ion concentration 
- and hence in alkalinity - can have a very large effect on the saturation 
state. In contrast, the same changes in the Ca concentration (as they occur 
during CaCOr- dissolution) have only a small effect on the saturation index 
because the present ocean has a large Ca concentration (10 mmol/kg) - 
compared to alkalinity. 
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The thermohaline mixing of the present ocean keeps the difference 
between the surface and the bottom waters low by returning cold N-Atlantic 
surface water of low carbon concentration to the deep sea. The more vigorous 
this convection is, the smaller the difference should become. The more 
sluggish the ocean mixes, the larger the difference should get. On geological 
time scales, however, oceanic alkalinity and TCO2 concentrations are governed 
by slow processes, such as changes in nutrient supply, changes in the extend of 
sulfate reduction and changes in silicate weathering (and reverse weathering). 

Clearly, the carbonate system must have played a key role in the early 
ocean , simply because enough dissolved inorganic carbon must have been 
present to allow for the abiogenic formation of organic molecules, the 
precursors of self-replicating animated systems. Also carbonic acid has been 
- and is - the most important acid available for weathering and cation 
mobilization. It is therefore necessary to explore the options of initial 
conditions for ocean chemistry in view of the carbonate system. 

Under the conditions of an abiotic Earth, absence or very low levels of 
molecular oxygen and hence the absence of sulfate, the absence of a 
differentiated crust a high georhermal flux and hence a high volcanic activity, 
and a large rate of impacting asteroids and comets, silicate weathering must have 
played the major role in reflating alkalinity and TCO in the ocean. Depending 
on the mineral weathered, many equations can be written for the reaction of 
silicates with carbonic acid, collectively they are referred to as Urey reactions 
(Urey, 1951). Average feldspar is, for example, weathered according to: 
Nao^CaowAluaSkeOa + HzCCh yields 
kaolinite + SiCh + 0.6 Na* + 0.4 Ca 2 * + 0.6 HCOf + 0.4 CO? 

The reaction illustrates that both alkaline and alkaline earth cations are 
released to water. Upon accumulation in the ocean, the alkaline earth carbonate 
minerals being less soluble would reach saturation first and would precipitate, 
thus leaving sodium, potassium and carbonate ions to build up their 
concentrations further. These are exactly the conditions which allow soda lakes 
to form today. Soda lakes are terminal lakes which are fed by streams with a 
proportion of [HCCh + CO2] > [Ca + Mg] (or, which is essentially the same 
condition, [Na+K] > [Cl+SO]), and which develop highly alkaline conditions 
if sufficient time exists to accumulate enough dissolved minerals (Garrels 
and Mackenzie, 1967). Modern soda lakes occur in volcanic regions 
associated with plate boundaries (Figure 1). There fresh silicate rocks exist to 
produce sodium and carbonate dominated weathering solutions. 

3. RISE AND FALL OF THE EARLY ALKALINE OCEAN 
3.1 The <4 soda ocean hypothesis" 

These basic considerations and observations led us to hypothesize (Kempe 
and Degens, 1985) that the early ocean should have been highly alkaline and 
low in alkaline earth cations, in short, it should have been a "soda ocean". 
This scenario for the early ocean contrasts sharply with, conventional views of 
an early Earth with a high pCCh atmosphere (Hart, 1978; Owen et aL. 1979; 
Henderson-Sellers et al. 9 1980; Kuhn and {Casting-, 1983: Kasttng, 1985, 
1987; Caldeira and Kastemg, 1992) and hence a similar or more acidic 
ocean than at present containing appreciable concentrations of Ca and Mg and 
having CI as the main anion (Conway, 1943; Wedepohl, 1963; Garrels and 
Mackenzie, 1971; Maisonneuve, 1982; Walker, 1983; Holland, i984). 
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Later (Kazmerczak and Degens, 1986; Kempe et -a/., 1989) it became clear 
that the soda ocean hypothesis (SOU) offers also answers for many 
bioevolirrionary and physiological enigmas. Central to these questions is the Ca 
concentration in seawater. Because of the high primary alkalinity (caused by the 
initial silicate weathering), the ocean could hold only minute Ca concentrations. 
Supersaturation with regard to carbonate minerals nevertheless must have been 
higher than today because - in the absence of enzymatic biocalcifi cation - only 
inorganic and biologically induced CaCOa precipitation could proceed. 

We will explore rise and fall of the Precambrian sodic ocean in the following 
and will later review the biological and'paleontological evidence in favour of it 

3J The rise of the early alkaline ocean 

Modern soda lakes illustrate that highly alkaline conditions can be attained 
in large natural aquifers. Thus, a highly alkaline ocean is thermo-dynamically 
feasible. For comparison, the composition of the largest recent soda lake, 
Lake Van/Eastern Anatolia, is given in Table II. In one important aspect does 
the composition of modern soda lakes differ from a hypothetical early ocean: 
the presence of diatoms in modern environments keeps the silica content low. 
In Lake Van the Ca concentration amounts to lCr 4 mol/kg. Due to the presence 
of ion pairs between Ca and HCCk CO*, and SO*, the free Ca 3 * concentration 
is much lower, i.e. 22 ]imol/kg only (Reimers, pers. comm.). Because of the 
biologically regulated silica content, Ca concentration is limited only by 
carbonate and not by silicate mineral equilibria. 



Tabled 

Composition of Lake Van waters, sample V2S, 200 m depth (RmCER el ai, J 993, unpublished). 



Parameter 


mg/1 


mmol/l 


Na 


7960 


346.2 


K 


432 


11.04 


Mg 


110 


4.53 


Ca 


3.66 


0.0913 


ci 


5860 


165.2 


so* 


2430 


25.33 


HCO> 


3051 


50.02 


CO* 


3169 


52.82 


PO« 


0.49 


5.19 


SiO. 


5-26 


87.5 


NH« 


<0.002 




NCb 


<?0.03 




NO* 


0.0005 




B 


ca. 93 




Total 


23022 




pH 


9.87 




pCChppmv 


262 


free COi 17.8 pmol/kg 


Sis*** 


1.078 




SIbixow 


0.917 




Slddonte 


3.801 
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Since it is not known which Ca silicates would form in highly alkaline 
solutions and at what supersaturation spontaneous precipitation would occur, 
it is difficult to model highly alkaline solutions including silicate. Modelling 
is, however, possible for the carbonate system. In Figure 2 modern seawater is 
numerically titrated with increments of NaHCOa using the WATMIX 
electrolyte model (Wigley and Plummer, 1976). With increasing alkalinity, 
the supersaturation of CaCO rises sharply. CaCOs is then subtracted until a 
SlmjMd* of 0.8 is attained. In the model the pCOs is prescribed to 300 ppmv. As 
can be seen, the total Ca concentration drops to only 10^ M at moderate 
alkalinities. levels out and increases in high alkalinities. This increase is 
possible because of the increase in the importance of ion pairs at higher 
carbonate concentrations. The free Ca 2+ concentration, however, decreases 
with increasing alkalinity down to almost lCr* M. The pH increases sharply at 
relatively low alkalinity, and rises to values of above 10.0 when alkalinity 
increases above 200 rneq/1. It should be noted, that at low alkalinities the Ca 
concentration drops much faster than the alkalinity rises. Close to the present- 
day seawater composition, an increase in alkalinity from 2.38 to 103 meq/1 
leads to a more than 10-fold decrease in the Ca concentration (i.e. from 44 to 
3mg/lorlO*to 10 5 M). 



SOH-Model 

Molarity 



Conditions: 
SATara = 0,8 
T = 20C 



1.0E-03 = 



1.0E-04 = 



1.0E-O5 = 



1.0E-06 



PC02 = SOOppm 
SATcc = 0,945 

pH-value 




-10 



-9.5 



t i i 1 1 1 n 



6.5 



20 200 

Alkalinity {meq/1) 



2000 



Figure 2 - Numeric titration of modem seawater witb increments of NaHCOs (Program 
WATMIX, Wigley and Plummer, 1976). 

Apart from thermodynamic considerations, kinetic and mass-balance 
arguments must be considered for the early ocean (Kempe and Degens, 1985). 
A sodic ocean can only arise if silicate weathering is in fact rapid enough to 
keep pace with mantle degassing. Present-day volcanic emanation is 0.002 
GtC/a (Leavttt, 1982), while current continental weathering, measured as 
river transport, is amounting to 0.1 GtC/a (Kempe, 1979). At present, silicate 
weathering is therefore far larger than volcanic recharge and consumes one 
volume of present-day atmospheric COi mass (712 GtC) within 7000 years 
only. However, present-day silicate weathering proceeds under high soil pCCh 
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and its rate is therefore biologically controlled But even if weathering were a 
factor of 100-500 lower (the difTerence between pCCh in air and soil air), 
alkalinity would accumulate fast in an abiotic ocean. 

An estimate of abiogenic silicate weathering can be deduced from Lake 
Taupo, New Zealand (616 knv). It releases Na- and K-balanced alkalinity at a 
rate of 30.2 t C/a/km 2 (data: Schouten, 1984; Ttmperley and Vigor-Brown, 
1985). If this rate were representative for the entire oceanic area (15 GtC/a), 
then the ocean would acquire enough alkalinity (1 g C/kg HiO ca. or 80 
meq/1) within 100 000 years to surpass a concentration above which alkaline 
conditions would be established. 

These example show that it is unlikely that primordial Earth could have 
sustained a high pCO. atmosphere for any appreciable time. Astrophysicists 
argue that the early atmosphere must because of the faint early sun, have had a 
high pCXh (up to a 1000 tunes the present level) to keep the Earth from freezing 
(e.g. Owen et aL 1979; Caldeira and (Casting, 1992). This is clearly an ex 
cathedra conclusion and not substantiated by geochemical considerations. It is 
instead conceivable that the production of methane in a mosdy anaerobic ocean 
is significant enough to sustain a greenhouse effect strong enough to keep the 
Earth from freezing (e.g. Kondratyev and Moskalenko, 1984). Each CH4 
molecule has a 20 times larger greenhouse effect than a CCh molecule (e.g. 
Lashof and Ahuia, 1990). Furthermore, Jenkins (1993) recently showed that 
on a faster rotating Earth less clouds would form, allowing a higher fraction of 
solar radiation to reach the sea surface and partly compensating for the effect of 
an early faint sun. Also, with a lower fraction of land and a higher percentage of 
volcanic rocks on land, the general albedo could have been much lower than 
present-day, further decreasing the necessity for a high greenhouse gas 
concentration in the early atmosphere. 

The build-up of highly alkaline conditions in die ocean must have been a 
geologically fast process. CO2 input to the weathering system was a function 
of mantel degassing and/or the rate of impacts of comets carrying water and 
CO2 to the young Earth. Cometary impacts and volcanic eruptions of the 
primordial magma ocean will have provided blankets of fresh, glassy and 
fine-grained silicate readily reacted with any available acid. Total masses 
available on Earth for the three most important acids are: KbCO; = 65.5 x 10 21 
g C = 5.5 x 10* mol: HC1 = 52 x 10 21 g CI = 1.6 x 10 21 mol (Kempe and 
Degens, 1985); H*SO* = 5.2 x 10 21 g S = 0.16 x 10 21 mol (e.g. Walker 1977); 
i.e., through Earth history, there was 3.7 and 34 times more carbonic than 
hydrochloric and sulfuric acid available, respectively. On the other hand, the 
primordial, possibly komatiitic crust had a ratio of [Ca+Mg]/[Na-i-K] of 1.6 
(Rogers, 1978). Consequently, there was not enough HC1 and H2SO4 
available to balance Na and K which therefore must have been balanced by 
carbonate and bicarbonate ions in appreciable amounts. Such solutions will 
lead to highly alkaline conditions if concentrated over long time periods, just 
as observed in modem soda lakes. 

One of the evidences in favor of an early alkaline ocean are recent 
microbialites and the environment in which they grow. Microbialites are 
laminated (stromatolitic) or unstructured (thrombolitic) predominantly 
calcareous deposits caused by the trapping of particles or the extracellular and 
non-enzymatic permineralization of microbial, mostly cyanobacterial mats 
(Walter, 1976). We could show (Kempe and Kazmberczak, 1990a) that for 
those modern sites, in which in situ permineralizing microbialites grow and 



'special 13 (1994) 



Bulletin de i'lnstiaa ocianographique, Monaco, n° special 13 (1994) 



71 



SEP-11-2802 11:14 



LINDA HPLL LIBRARYL 



816 926 8785 P. 14 



for which enough hydrochemical data are available (i.e. Andros 
Ponds/Bahamas. Lake Tanganyika, and Lake Walker) calcium carbonate 
supersaturation is much larger (> 0.8 Sit***} than in the present marine 
environment. Furthermore we discovered the largest currently known 
microbialitic structures in Lake Van (Kempe et aL, 1991). This discovery 
proves that microbialites are compatible with highly alkaline conditions and 
high CaCO supersaturation (compare Table II). Similarly, the widespread 
stromatolites from the Middle Eocene Green River Formation in SW- 
Wyoming have formed in a soda lake. This is clearly indicated by the trona 
deposits of the former Lake Gosiute (for review see Surdam and Wray, 
1976). Even more, our discover}' of large microbialitic structures in a marine- 
derived environment in Satonda Crater Lake (Kempe and Kazmierczak, 
1990b, 1993; Kazmierczak and Kempe, 1990 ; 1992) show that present-day 
seawater can sustain in situ calcification of cyanobacterial mats if "titrated" to 
slightly increased alkalinities. These findings are strong indications that the 
widespread occurrence of stromatolites in the Precambrian rock record 
(e.g. Walter, 1983) are witnesses of a highly CaCCfe supersaturated and 
alkaline early ocean. 

3.3 The decline of the early alkaline ocean 

With the rapid recycling of the early hot oceanic crust, precipitating Ca 
and Mg carbonates would also be recycled fast. The only major reservoir for 
carbon would therefore have been the dissolved carbon pool in the ocean. In 
fact, nearly all of the carbon of the present-day lithosphere, biosphere, 
hydrosphere, and atmosphere could be stored as sodium carbonate in an ocean 
of present-day volume without reaching the saturation limit of sodium 
carbonate minerals. Only after the continents began to form, carbon could be 
stored for longer periods in solid form. For the SOH it is not important, if 
continents accreted gradually (e.g. Veizer and Jansen, 1969; Hurley and 
Rand, 1969) or rapidly (e.g. Warren, 1989; Armstrong, 1991). Important is, 
however, that the granodioritic crust is relatively enriched in alkali metals. 
With the establishment of deep subduction. ocean water could be trapped as 
porewaters, be subducted and the dissolved sodium could be incorporated into 
continental rocks (Kempe and Degeks, 1985). This removal would be a slow 
process, essentially depending on the activity of subduction which in turn is a 
function of the declining radioactively generated internal heat of the planet. 
The carbon in turn would be stored in calcareous and carbonaceous rocks 
accreted to continents. Because of their low density, they would preferentially 
be protected from re-incorporation into the mantle. In a sense, the cations of 
the early komatiitic crust would be redistributed, after residing for a long time 
in the ocean, into granodioritic crust and Ca and Mg carbonate rocks. This 
process of extracting the original high soda content of the ocean is very slow. 
Today, water is subducted with roughly 1 km 3 /a resulting in half lives of any 
dissolved substance (if removed in that manner) in the ocean of ca. 1 Ga 
(Kempe and Degens, 1985). It must therefore have taken several billion years 
for the soda ocean to decline. 

In Figure 3 the rise and fall of the alkaline ocean is condensed into a 
scenario of ocean development according to the thermodynamic model of 
Figure 2. In our reasoning, the end of the alkaline ocean is marked by the 
occurrence of the first widespread marine deposits of gypsum. They could 
have formed only after the Ca concentration rose to appreciable amounts 
indicating a substantial decrease of the primary alkalinity. Earliest gypsum 
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layers, albeit of a sabkha environment, date from 0.9 Ga (Proterozoic 
Amadeus Basin, Australia). The oldest large gypsum deposits as parts of thick 
marine evaporative series date to the lower Proterozoic ca- 0.7-0.6 Ga ago 
(Hormuz Series, Persia; the upper Valdai Series, Russian Platform; Vindhyan 
System, India; Shaler Group, Victoria Island, Canada; see Kempe and 
Degens, 1985 for more details). Older pseudomorphs of anhydrite can be 
dismissed as evidence of a higher Ca concentration in the ocean because they 
could just as well have formed in sediments of lakes and sabkhas. 



Scenario of Ocean Development 



meq/1 



pH -value 



-10,5 




time in billion years 



Figure 3 - Scenario of ocean development through Earth history. Rise and fail of the "soda 
ocean" occupied roughly 3.5 billion, whereas late Precambrian and Phanerozoic ocean was 
dominated by halite. Concentrations of total Ca (lower curve) : pH and alkalinity (center of 
graph) and supersaturation index for aragonite (top of graph) are drawn according to the 
numeric model of Fig. 1. Fluctuations in the halite ocean period are schematic only, indicating 
major overturn events. 

4. THE PHANEROZOIC "ALKALINITY PUMP" 
4.1 Operating the Alkalinity pump" 

Towards the end of the Proterozoic the oxygen concentration in the 
atmosphere increased enough to hold large quantities of sulfate in the ocean 
(present concentration 28 mmol/kg).. Therefore a new powerful mechanism to 
modulate TCOa and alkalinity was available (Table f): sulfate reduction. In 
stagnant basins and under conditions of sluggish ocean mixing sulfate 
reduction produces alkalinity needed as a replacement of the charge carried by 
the removed sulfate ion. The reaction is fueled by organic carbon (formulated 
as an average Redfield-ratio compound in Figure 4) sinking through the 
pycnocline at rates larger than the downwelling of molecular oxygen in the 
system. Such a system was termed an "alkalinity pump' 1 (Kempe, 1990). The 
only large scale current example of an alkalinity pump is the Black Sea basin. 
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There alkalinity has, within ca. 7000 years, increased to 4.5 meq/1 in the deep 
water (Figure 4, inset; Goyet et aL, 1991). Part of this alkalinity has reached 
the surface waters by upwelling. Actually the re-oxidation of HsS t sulfate 
during upwelling should lead to a backreaction of the bicarbonate to CO: and 
its consequent degassing. However, the extraction of part of the KiS by iron 
as insoluble mackinawite and pyrite can lead to excess alkalinity. Also the 
dissolution of CaCOs in deeper unsaturated waters leads to an increase of 
alkalinity and TCO. In case of the Black Sea, the latter apparently is the 
major process for the upwelling of excess alkalinity to the surface layer in the 
Black Sea (3.3 meq/kg). The concentration is far larger than anywhere else in 
the ocean. If die surface layer of the Black Sea would not have a low salinity 
(18.2 permil) and low Ca concentration (6.2 mmol/kg f Goyet et ai, 1991), 
then the surface layer would be highly supersaturated with respect to 
carbonate minerals. Its actual supersaturation is 0.4 SI**** and 0.25 SW** 
only. One of the consequences of alkalinity production by sulfate reduction is 
that the TCOi has a 8' 3 C much lower than average seawater (-6.6 in deep and 
+0.8 in surface waters of the Black Sea; Ffcy et al y 1991) owing to its origin 
from low 5 n C organic matter (Figure 4. inset). 
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Rgure 4 - Alkalinity pump and chemical equation of sulfate reduction (fueled by a Redfield 
ratio-type organic compound) (modified after Kempe, 1990). Inset compares alkalinity and 6°C 
of the present-day ocean and the Black Sea. 

An even more sinking example of an alkalinity pump is the crater lake of 
Satonda Island (Figure 5). It is filled with seawater and stratified because of 
dilution of the epilimnion by rain and concentration of deep layers by 
continued evaporation during the dry season (Kempe and Kazmierczak, 
1993). Ongoing sulfate reduction in the anoxic waters below 22 m has 
resulted in very high total alkalinities (6.4 in the middle and up to 50 meq/kg 
in the lower layer). Some of the alkalinity has reached the upper layer by 
upwelling or diffusion, increasing its alkalinity to 3.6 meq/kg and its pH to 



8.45. In conse* 
layer and in si 
lake (Kempe ; 
1992). Further 
compared to tr. 



c 

t 



Figure 5 - Loogi 
and the salinity a 
(well mixed aert 
bottom anaerobic 

4.2 Anaen 

These exaj 
modulating all 
ocean stratific 
regionally oi 
schematically 
below the ch 
supersaturatioi 
adjacent to ano 
in nature or co 
neighbourhood 
carbonate seqi 
exceptions (e.£ 
largely ignore 
concerned wid 
climatic factor. 
Tucker and W 

In Figure 
compared with 
to the missing 
fermentation \ 
reduced iron \ 
sulfides. It is t 



74 



Bulletin de VlnstiM ocianographique, Monaco. n° special 13 (1994) 



Bulletin de V Instil 



SEP-1 1-2002 11:15 



LINDA HALL LIBRPRYL 



816 926 8785 P. 17 



neq/1 in the deep 
inity has reached 
of HiS to sulfate 
ouate to Cd and 
* the H2S by iron 
:alinity. Also the 
o an increase of 
ipparently is the 
rface layer in the 
anywhere else in 
.ve a low salinity 
-ET et aL, 1991), 
with respect to 
and 0.25 Sl^a-mc 
lfate reduction is 
;-6.6 in deep and 
vine to its origin 



Fe 




tenia I reefs 



i 

ty 



ueled by a Redfield 
5 alkalinity and 8 13 C 



he crater lake of 
ified because of 
deep layers by 

Kazmierczak, 
elow 22 m has 
up to 50 meq/kg 

upper layer by 
:g and its pH to 

i° special 13(1994) 



8.45. In consequence, the supersaturation has reached 0.8 $L*±t in the surface 
layer and in situ calcified cyanobacterial reefs grow along the shores of the 
lake (Kbmpe and Kazmierczak, 1990b; Kazmierczak and Kempb, 1990, 
1992). Furthermore, the 5 1S C dropped throughout the lake to very low values 
compared to the 8 13 C in die ocean. 
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FIGURE 5 - Longitudinal section through the crater lake of Satonda Island/Sumbawa, Indonesia 
and the salinity and 5"C values of its three main layers as an example of an alkalinity pump 
(well mixed aerobic surface layer, 0-22 m; middle well mixed anaerobic layer 22-55 m; 
bottom anaerobic layer, deeper than 55 m) (after Kempe and Kazmierczak, 1993). 

4 J Anaerobic basins and carbonate fades 

These examples show that sulfate reduction could be the main factor 
modulating alkalinity in the Phanerozoic ocean. Depending on the extent of 
ocean stratification, Phanerozoic seawater must have experienced locally, 
regionally or globally alkalinity and supersaturation excursions as 
schematically shown in Figure 3. Such alkalinity plumes originating from 
below the chemocline should lead to increased carbonate mineral 
supersaturation and enhanced deposition of carbonates in epicontinental areas 
adjacent to anoxic basins (Kempe, 1990). These basins could either be oceanic 
in nature or could occupy deeper sections of the shelf itself, creating in their 
neighbourhood a fades mosaic as it is characteristic for many epicontinental 
carbonate sequences (comp. Figure 7b). It should be noted that with a few 
exceptions (e.g. Hay er al. y 1981; Caldeira et al, 1990) alkalinity has been 
largely ignored so far as an important factor in paleoceanographic studies 
concerned with carbonate sedimentation. Much more attention was given to 
climatic factors, tectonism and sea level changes (for review; Wilson, 1975; 
Tucker and Wright, 1990; Pratt, 1992; Wright, 1992). 

In Figure 6 the stagnation of a Phanerozoic marine water body is 
compared with the situation in a stagnating Precambrian alkaline ocean. Due 
to the missing sulfate in the early alkaline ocean it would be governed by 
fermentation "and methane production and not by sulfate reduction. Also 
reduced iron would stay in solution and could not have been removed as 
sulfides. It is therefore available for up welling and periodic oxidation in the 
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surface layer. Together with silica, also available in high concentrations in 
highly alkaline solutions, it could have formed epicontinental banded iron 
formations (BIFs). Eugster (1969) suggested already that BIFs can be 
explained best as being formed under highly alkaline conditions. Silica is 
thought to precipitate during wet seasons, when freshwater input diluted 
seawater, reduced alkalinity and decreased pH, therefore making SiO less 
soluble. Import of fresh seawater and upwelhng during the dry season could 
then complete the annual cycle by precipitating iron oxides originated from a 
large reduced iron pool available in the anaerobic oceanic basins. In the basin 
itself, black shales with highly insoluble heavy metal sulfides and iron 
phosphates could have formed, sediments characteristic of Archean rocks. 
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Figure 6 - Development of anaerobic basins in the Pnecambrian (A) and Phanerozoic (B) ocean. 

In the final, halite period of the ocean, the anaerobic basins are dominated 
by free hydrogen sulfide. Iron cannot collect in dissolved form but is 
incorporated in black shales as pyrite. Exported alkalinity triggers the 
precipitation of epicontinental carbonates. 

According to these models three realms of carbonate formation can be 
discerned (Figure 7): The soda ocean, the Phanerozoic stagnant and the 
Phanerozoic well mixed ocean. 
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Carbonate Facies 

A) Soda Ocean 




B) Phanerozoic stagnant ocean 
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Figure 7 - Comparison of general carbonate facies in the soda ocean (A) and in the stagnant (B) 
and well-mixed (C) Phanerozoic halite ocean. 

In the early alkaline ocean carbonates formed where Ca was available 
(Fig. 7A): At deep sea hydrothermal vents, CaCO would precipitate forming 
carbonate rocks in close association with mafic rocks, an association* often 
noticed in metamorphic basement series. In estuaries, fresh water mixed with 
seawater and whitings formed fine-grained suspended carbonates which 
deposited along-shore. At groundwater seepages, shallow- water carbonates 
could form in situ on the shelf. With decreasing alkalinity and slightly 
increased Ca concentrations thick sequences of shallow water calcareous 
microbialites could form. Because no bicrcalcifying organisms existed, no 
open ocean biological carbonates were produced. 

In the Phanerozoic ocean biocalcifying organisms can produce carbonates 
both in the open sea and on shelves. In case of a stagnant ocean (Fig. 7B) Ca 
carbonate deposition would be focused to the shelves because most of the 
sinking open ocean carbonates would dissolve in deeper waters. TCO2 and 
alkalinity would be exported to the shelves. There biomineralizing organisms 
are exposed to fluctuating levels of alkalinity and supersaturation. As long as 
the supersaturation can be kept low by the enzymatic calcification, reefs of 
corals, rudists and other biocalcifyers can form. If, however, the 
supersaturation is increased too fast and reaches values above roughly 0.8 SI, 
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then calcareous raicrobialites can grow (Kempe and Kazmerczak, 1990a). 
Thus carbonate platforms often display a composite of true biomineralizers 
and of species-poor microbialite dominated sequences. 

In case of the Phanerozoic well-mixed ocean (Fig. 7C), alkalinity, TCOi 
and supersaturation will not fluctuate much. These are the conditions for 
restricted but constant build-up of reefs by enzymatic biocalcifyers. In the 
open ocean widespread deposits of calcareous ooze can accumulate and 
dissolution can occur only below a relatively deep lysocline. 

This discussion summarizes the possible carbonate facies in view of the 
high primary alkalinity of the early sodic ocean and in view of the secondary 
alkalinity produced by temporarily stagnant ocean basins. 

4.3 Carbonate platforms, sedimentary discontinuities, and 5 U C 
excursions 

Hie previous discussion is rather theoretical and we need to explore the 
evidence for the predicted effects of the alkalinity pump mechanism. 

Therefore, it would be instructive to give examples of the coexistence of 
anaerobic basins and large carbonate deposits in the marine record of the 
Phanerozoic. Both in the Paleozoic and Mesozoic we find in fact well 
documented anoxic basins contemporary with extensive carbonate platforms 
(ramps) and pelagic carbonate deposits (e.g. Byers. 1977; Berry and Wilde, 
1978; Arthur and Schlanger, 1979; Jenkyns, 1980, 1988; Graoansky et 
aU 1984; Wilde, 1987; Koerschner and Read, 1989; Tucker et aL, 1990: 
Wignall and Hallam, 1992). Curves of the burial rate of G**** and 
have been compiled by Holser (1984) for the Phanerozoic (Figure 8).The 
curves correlate significantly, indicating that in fact there is a temporal 
connection between high organic carbon burial (indicative of widespread 
anoxic basins) and epicontinental carbonate deposition. The Girtou. peaks 
mark periods with the largest extent and thickness of biogenic (microbial and 
skeletal) reefs (compare Newell, 1971; Copper, 1988; Talent, 1988). 
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Figure 8 - Curves of deposition rales of Ca*o«> (a) and Capo* (b) through the Phanerozoic (from 
Holser, 1984, modified). Note the coincidence of periods of high rates of carbonate deposition 
with those of high rates of organic deposition. This is particularly evident for the lower 
Cambrian, Devonian to lower Carboniferous (Mississippian), Jurassic to upper Cretaceous, and 
for the two Tertiary epoches, Eocene and Miocene. The coincidence can be interpreted as global 
effects of alkalinity pumps (Kempe, 1990); anaerobic (stratified) basins conserve organic matter 
and produce, at the same time, excess alkalmities which are exported to shallow areas causing 
unusually high calcium carbonate supersaturation levels and intensive carbonate sedimentation. 
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One of the most convincing evidences that alkalinity pumps have 
important influence on carbonate platform sedimentations is derived from the 
8 l5 C record. As we have seen in Satonda Crater Lake and in the Black Sea, 
waters charged with excess alkalinity upwelling from anaerobic basins, have a 
lower 8 n C than the average marine 8 ,3 C. Records of 5 U C at major geological 
time boundaries, like the Precambrian/Cambrian/Pennian/Triassic, and 
Cretaceous/Tertiary show distinctive negative excursions (Figure 9). Such 
excursions have already been interpreted as signs of oceanic overturn (e.g. 
Holser, 1984; Margarjtz, 1989; Hoffman et al, 1991; Wignall and 
Hallam, 1992; Erwtn, 1994, for review of the P/T boundary). Figure 10 
explores the details of the 8**C response to an overturn in view of the alkalinity 
pump and stratified basins. Overturn does not need to be complete and the 
basin, needed to produce specific light 5 ,3 C excursions, can be of varying size 
according to the regional or global extent of the signal. There are many 
processes w r hich can cause overturn or partial uplift of anaerobic and higher 
alkaline bottom waters: (i) enhanced downwelling of cold polar water, 
uplifting basins water; (ii) enhanced downwelling of highly saline and dense 
waters from evaporative regions of the ocean, also causing higher rates of 
upwelling; (iii) geothermal heating of the stagnant water body from below, 
thereby inducing thermal instability; (iv) Lake Nyos-type gas eruptions which 
could cause catastrophic self-accelerated uplift of deep water under conditions 
of a very high /7CO2 accumulated from submarine volcanic sources over long 
periods (Evans et aL, 1993); (v) sudden large-scale mass wastes at large 
volcanic islands or along the continental shelves, displacing bottom waters and 
causing seiches; (vi) cometary impacts displacing water from basins and causing 
shock waves (rate of impacts reviewed by: Chapman and Morrison, 1994). 




delta 18 C in marine carbonate rocks 



Figure 10 - Inferred relationship between excessive alkalinities (arrows) and associated light 
6 U C signals transported from anaerobic marine basins to shallow-water environments and the 
resulting 5 U C values recorded in a sequence of carbonate sediments. 
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It is interesting to discuss possible causes of omission surfaces and 
hardgrounds and other sedimentary discontinuities often observed in large 
carbonate series (e.g. Jaanuson, 1961; Kazmierczak and Pszczokowski, 
1968: FOrsich, 1979; Holmer, 1983; Gruszczynsk], 1986; Wendt, 1988). In 
view of the alkalinity pump two factors may cause these phenomena: 
Overturns involving deep basin waters with a very high pCOi could 
temporarily increase atmospheric pCO: and decrease supers aturation in 
oceanic surface waters. Lighter 5 l5 C signals associated with some of the 
discontinuity surfaces (Gruszczynski et al, in press) could be interpreted as 
supportive evidence for such a scenario. It could also be possible that pulses 
of higher alkalinity waters and enhanced CaC03 deposition deplete the Ca 
concentration in surface waters enough to later stop or decrease the rate of 
deposition temporarily when upwelling of deeper water ceases. 

Two distinct discontinuities corresponding with strong negative 5 i3 C 
excursions are reported from the boundary Pr ecambrian/C ambrian (Pe/e) in 
the stratotypical section at Ulakhan Suhigur, southeastern Siberia (compare 
Figure 9a). Generally, the Pe/e boundary is associated with the strongest 
negative 8 l3 C excursions. They are recorded in the Himalaya (Aharon et al. f 
1987). China, and Iran (Brasier et aL y 1990), Morocco and Siberia 
(Magaritz et al, 1991), and South Australia (Tucker, 1989). In fact, several 
such 8 13 C excursions predate the Pe/e transition (e.g. Knoll et al, 1986; 
Knoll, 1991) probably recording several overturns of deep stagnating ocean 
basins which originated after the continental break-up at the end of the 
Proterozoic (McKerrow et al, 1992). Overturn of any of these basins or even 
of Panthalassa itself would exert high and sudden Ca, PO<, alkalinity and 
supersaturation stresses upon the shallow water biota. The onset of 
biocalcification was in all probability a response to these severe 
environmental challenges. 

5. BIOLOGICAL AND EVOLUTIONARY IMPLICATIONS OF THE 
EARLY ALKALINE OCEAN HYPOTHESIS 

Progress was achieved recently as to il how'\ "when ! \ and "at what site" 
organisms deposit minerals (for extensive review: Lowenstam and Weiner, 
1989; Mann et al, 1989; Simkiss and Wilbur, 1989); Also some questions 
concerning composition, structure, mode of nucleation and growth of many 
biominerals have been clarified (Addadi et a/., 1987; Berman et al. y 1993; 
Mann et al., 1993). The question "why" mineral skeletal structures appeared 
almost simultaneously in the evolution of many different groups of organisms 
close to the boundary Precambri an/Cambrian remains principally unanswered, 
however. Also what was the reason causing the later Phanerozoic 
skeletonization events which, among others, involved groups of organisms 
whose representatives must have existed long before in a non-skeletonized 
form (e.g. coccolithophorids. radiolarians and planktonic foraminifers). 
Another matter of considerable controversy and speculation concerns the 
primary function(s) of skeletal structures. Two hypotheses explaining the 
onset of biocalcification processes (understood as "true", i.e. biologically 
controlled or enzymatic deposition of calcareous and Ca phosphatic skeletal 
structures) at the transition Precambrian/Cambrian have been advanced. 

The "predation hypothesis' 1 claims that mineral skeletons originated as a 
response of organisms to an increased rate of predation (Hutchinson, 1961; 
RoMer, 1963; Stanley, 1973: Vermed, 1989). 
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It is based on observations of recent externally skeletonized animals (so 
called durofaiinas) which apparently defend themselves through heavy skeletons 
(even though not always effectively) against predators, and on a few findings of 
early Cambrian invertebrate skeletons bearing holes or scratches. These are 
interpreted as evidence for a dramatically increased predation pressure 
counterbalanced by the invention of mineral skeletons by prey organisms. 

The "depot hypothesis" considers skeletons as primary deposits of 
metabolic waste- or by-products, many of which have subsequently been 
adjusted to perform other important life functions (Jones, 1969; Halstead, 
1969; Lehmnger, 1983; Degens, 1979). As a modification Kazmierczak et 
al. (1985) proposed that the onset of biocalcification was a common 
detoxification response of marine biota which - after a long existence in a 
relatively calcium-poor environment - was near the transition 
Precambrian/Cambrian rapidly exposed to suhtoxic Ca 2 ~ concentration. 

This "Ca 1 * detoxification" hypothesis is based on the universal function of 
calcium in cell physiology and on the sophisticated Ca regulation systems 
functioning in eukaryotic organisms for keeping the optimal cytoplasmic Ca 2t 
concentration at very low levels (below 10 7 M) against extracellular Ca 2+ 
concentrations about 10,000 to 30,000 times higher (10" 3 -10' J M). The ability 
of living cells to respond to changes in their ionic environment may be 
regarded as one of their most fundamental properties. In response to changes 
in external Ca concentration, cells will adjust various intracellular processes 
in order to maintain overall homeostasis. As will be shown below, the 
advantage of the hypothesis of the calcium-poor early alkaline ocean, 
compared to other hypotheses proposed thus far to explain the key events in 
the evolution of life as, for instance, the widely accepted role of the' increasing 
atmospheric oxygen concentration as a determinant for the evolution of 
complex life (e.g. Cloud, 1976; Knoll, 1991; Derry et aL, 1992) : rest not 
only on geological and paleontological evidence but also on data from 
biochemistry, molecular biology, physiology, and developmental biology. 

5.1 Calcium and pH in the Precambrian ocean 

As indicated above, one of the consequences of a high alkalinity in the 
early ocean and a low atmospheric pCOi could have been a high pH and a very- 
low concentration of free, ionic calcium [Ca I+ ] in seawater. For obvious 
reasons, there is no possibility to determine [Ca 2+ ] or pH levels in the early 
Archean ocean precisely. Plausible values can, however, be proposed in 
analogy with modern highly alkaline lakes. Total Ca concentrations of < 5 mg/1 
(< 10^ M) and pH values of > 9.5 are typical for modern soda lakes (e.g. 
Kemfe, 1977; Melack, 1983; Bischoff ; 1991) with free calcium [Ca 2+ ] levels 
even lower (ca. 10 5 M). In the early ocean inorganic Ca complexing 
biopolymers and ion pairs formed with phosphate and silica were additional 
factors depressing the Ca 2+ concentration further, possibly to < 10^ M, 

During the gradual decrease of alkalinity towards the late Precambrian, 
Ca 2 * concentration could have risen sharply from values lower than 10* 5 M to 
about 10* M, and pH could have decreased to < 8.5. Before discussing 
possible consequences of such dramatic chemical changes for the evolution of 
life we want to illuminate the role of calcium for cellular processes, focusing 
on those cytophysiological processes and biomolecular patterns, which 
support a highly alkaline paleoceanographic scenario. 

"Complex life appears to be a consequence of calcium functionality" 
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could be - without much exaggeration - the quintessence of the multitude of 
biochemical, physiological and biomolecular papers dealing with various 
aspects of calcium in living systems. 

5.2 Calcium in the cell: function and regulation as testimony for the 
Ca-poor cell ambience in the geological past 

The versatility of calcium in biological systems is related to the highly 
adaptable coordination geometry of Ca 2 *. and the ease it can coordinate or 
cross-link in complex biochemical molecules. Calcium links extracellular 
changes of voltage, chemical concentrations or mechanical activity to cell 
processes, because this ion is characterized by a divalent charge, modest 
binding energies, fast reaction kinetics and does not participate in redox 
reactions (Williams, 1974, 1989). These unique properties most likely 
determined during the early stages in the evolution of life that calcium 
became the* messenger for and the integrator of basic cell functions 
(Kretsikger, 1977a, b). To perform precisefy these functions and to prevent 
Ca 3- stress, calcium has to be present in the cells in correct concentration, at 
the right site, and at the proper time. 

Generally, Ca 2 - concentrations in cytoplasms ([Ca 2 i0 is < 10 1 M in all 
non-activated cells, i.e., about four orders of magnitude lower than the 
average extracellular calcium concentration [Ca 2+ > (ca. l(r 3 M in blood and 
body fluids, and ca. 10 2 M in seawater). This extremely as) r mmetrical 
distribution of Ca 2+ across the plasma membrane allows cells to generate both 
electrical and chemical intracellular signals. 

The concentration of cy tosolic free calcium ([Ca 2f ]t) is critically important 
for many cell functions and its accurate control represents a fundamental 
property of all living ceils (e.g. Borle, 1981; Campbell, 1983; Marm£, 1985; 
Carafoli, 1987). The maintenance of this level appears to be an ancient and 
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FIGURE 1 1 - Examples of phenomena activated by an increase in intracellular free Ca*. 
Metabolic and secretory pathways involved Ln Ca extrusion processes are instrumental in 
matrix-dominated (enzymatic) bi ©calcification (after Campbell, 1983, slightly modified). 
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universal condition of life (Kretsinger, 1983). An increase of [Ca'-] ; to lCr 6 - 
10" 5 M normally activates the cell and is responsible for a wide spectrum of 
effects, for example, membrane transport and permeability (excitability), cell 
locomotion, gene expression, and stimulation of integrated processes such as 
mitosis, contraction, secretion of hormones, neurotransmitters, and exocrine 
products (compare Figure 11). 

Excessive influx of Ca 2 * to cytosol calcium can be toxic and is considered 
to be the common cause of cell injurv and ultimately cell death (e.g. Schanne 
et aL 1979; Farber, 1981; Trump and Berezesky, 1985, 1992), probably 
because of the untrammeled action of Ca^-srimulated phospholipases and 
proteases (Carafou, 1987). The cytotoxic effects of calcium result also from 
the very low solubility product of [Ca 2+ ] and [PO^] leading to precipitation of 
calcium phosphate deleterious to cell functioning. The universal phosphate- 
based cell energetics is of very ancient origin and is not compatible with 
higher concentrations of Ca* at neutral or basic pH typical for the cytosol 
(Kretsinger, 1977a, 1983). 

The genera] mechanisms by which most cells regulate intracellular Ca^is 
shown in Figure 12 (for extensive review see e.g. Exton, 1988; Tsiek and 
Tsien, 1990). Ca 2 * entering the cell via systems of regulated membrane ion 
channels is extruded from the cell by the activity of (Ca 2+ -Mg 2t ) ATPase Ca 2+ 
pumps located in the plasma membrane. There are also Na7Ca 2+ exchange 
systems that can operate either to extrude or take up Ca 2 \ They occur both in 
prokaryotic and eukaryotic cells. Mechanisms by which eukaryotic cells 
return to a low resting value of cytosolic calcium include - beside Ca 2+ 
extrusion across the surface membrane - Ca* + sequestration to internal Ca 2+ 
stores such as the endoplasmic (sarcoplasmic) reticulum, mitochondria, and 
plasma membrane. All cells also possess various Ca 2 *-binding proteins and 
other compounds that contribute to the intracellular buffering of free Ca J+ 
(Carafou, 1987; Putney, 1990). The endoplasmic reticulum has the highest 
capacity for storing calcium under physiological conditions, while mito- 
chondria contribute only at abnormal (damaging) cytosolic Ca concentrations, 
exceeding Kr 6 M, often leading to their pathological calcification, and are 




Ca B channels 



pump 



Figure 12 - Main pathways and stores controlling cytosolic Ca=* in an eukaryotic Caere 
mammalian) cell (after Exton, 1 988, modified). 
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rather insensitive to lower Car* concentrations. Interestingly, the endoplasmic 
reticulum has a Ca 2_ ATPase pump with a high affinity for Ca 2 *, whereas 
mitochondria have a separate mechanism for releasing Ca 2 * based mainly on a 
Na7Ca : * exchanger. A possible explanation for this phenomenon within the 
bioevoiutionary scenario implied by the SOH will be discussed below. 

One of the most intriguing aspects of calcium regulation systems in 
eukaryotic cells is the great variety of proteinaceous Ca channels located at the 
plasma membrane. Although they all serve transmembrane Ca"** transport into 
the cell, they do this in separate and often very complex ways. At least four 
different kinds of calcium channels have been recognized: leak channels, 
stretch-sensitive or mechanically-operated channels (MOCs), voltage-operated 
channels (VOCs), and receptor- operated channels (ROCs) (for review: 
Meldolesi and Fozzan, 1987; Tsen and Tsen, 1990). The Ca mflux through 
the stretch-sensitive and leak channels (the latter noticed mainly in vascular 
smooth muscles) is a consequence of the large electrochemical gradient across 
the cell membrane tending to drive Ca ions into the cell, and the fact that no 
membrane is perfectly impermeable, particularly when mechanically 
perturbed. This non-gated pathway of Ca influx cannot strictly be termed 
"channel". As VOCs are defined channels which are gated by membrane 
potential, whereas as ROCs those, which are activated as a consequence of 
neurotransmitter or hormone binding to specific membrane receptors. 

Best known is the diverse group of VOCs which includes depolarization- 
dependent activation, selectivity by high-affinity binding of Ca 2 *, and 
selective modulation by some external signals, e.g. extracellular Ca 2t 
concentration. VOCs can be divided into several subgroups, known, 
according to their functional classification, as L, T, N, and P channels* 
■ respectively. They differ significantly in their kinetics of activation, single 
channel conductance, and the duration of their openings and closings (e.g. 
Nowycky et aL 1985; Jan and Jan, 1989; Bean, 1989; Tsien and Tsien, 
1990). Given this diversity, it is worthwhile asking what feature VOCs have 
in common apart from their steep voltage dependance. It is their > 1000-fold 
higher selectivity for Ca 2 * over Na* or K*, a selectivity much larger than other 
Ca 2 * entry pathways. This extreme Ca 2 * selectivity appears paradoxical in 
view of the very steep Ca 2+ gradient occurring normally across the cell 
membrane. It may, however, make sense if considered an evolutionary 
remainder from times when the normal extracellular Ca concentration was 
much lower than today. 

Under conditions of a steep transmembrane Ca gradient, Ca influx is 
apparently much better modulated by the ROCs, which activate Ca influx in 
the absence of changes in membrane potential. Two groups can be discerned: 
"true" ROCs where channel and receptor functions reside in the same 
molecule, and ROCs activated by second messengers generated following 
receptor activation (second messenger-operated channels, SMOCs). The latter 
are of particular interest because of their close connection with a great array 
of processes triggered by second messenger-activated redistribution of Ca 2 * 
signals and the resulting interactions with other processes regulated by 
different second messengers. Compared to VOCs and ROCs, the action of 
SMOCs is primarily the prolongation of [Ca 2+ ]i signals and the generation of a 
cascade of slow-developing cellular processes. One of the best studied second 
messengers is inositol (l,4,5,)-trisphosphate (InsPs). By generating internal 
calcium signals, it controls diverse processes such as fertilization, ceil growth, 
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transformation, secretion., smooth miiscle contraction, sensory perception and 
neuronal signalling (see Berridge, 1993 for extensive review). 

Generally more than one type of Ca 3 * channels occurs in cells. This has 
been demonstrated in invertebrates (e.g. Hagiwara et ah, 1975) and 
particularly in vertebrates (e.g. Nowycky et aL, 1985; Kostyuk, 1989), for 
both excitable and non-excitable cells. The largest variability of Ca channels 
in a single cell has been observed in vertebrates. It is obvious that the diverse 
types of Ca channels, designed basically to transport Ca across the surface 
membrane, could not have appeared simultaneously in evolution. In view of 
this diversity we can join Berridge (1993, p. 315) who, after asking the 
dramatic question: "Why did this diversity arise?" answers: "We can only 
surmise that a few basic signalling systems emerged in evolution and were 
then modified in subtle ways to meet the unique signalling requirements of 
different cells'*. We agree with that suggestion and can offer a plausible 
environmental foundation for such an evolutionary development through the 
hypothesis of a Ca-poor early alkaline ocean. 

It is clear from this short review that the purpose of all Ca regulation and 
Ca extrusion systems is to keep the cytosolic Ca 2 * concentration below the 10^ 
M threshold so dangerous for cell functioning. The necessity of fast removal 
mechanisms in order to diminish the cytotoxicity of Ca was in all probability 
the reason for the development of the complex Ca-associated signalling and 
regulation systems observed in cells. MacCallum (1926) already suggested 
that life may have originated in an environment with a Ca concentration near 
cytosolic level, grew adjusted to it, and, as Kretsikger (1983) added, 
developed elaborate mechanisms to maintain it Our hypothesis meets all 
these presumptions well. 

5.3 Biological and paleontological evidences for the early alkaline ocean 
Interesting conclusions supporting the SOH can also be drawn from 

experimental and theoretical studies concerned with the origin of life. 

Environmental conditions favorable to biogenesis are still a matter of debate 

(Pace, 1991 for review). 

Although acidic or neutral anaerobic hydrothermal svstems have been 
considered by some authors (Holm, 1992 for extensive review) to be the most 
probable settings for the origin of life, it is worth mentioning that an alkaline 
environment with pH values ranging between 8 and 9 has been postulated by 
Abelson (1966). Under such conditions HCN and formaldehyde could 
inorganically be synthesized and ultraviolet irradiation could cause formation 
of various amino acids and other important biological substances. Abelson's 
experiments showed that the HCN polymerization reactions producing amino 
acids are very sensitive to pH, a 1 M solution of HCN will not polymerize at a 
pH of 4.6 and polymerization does also not occur at very high pH. The 
process proceeds, however, well at pH 8-9 and Abelson suggested such a pH 
range for the primitive ocean. Also experiments designed to simulate the 
origin of reproducing protocells have shown (Snyder and Fox, 1975) that the 
assembly and stability of microspheres formed from any kind of proteinoids 
(preprotem) is limited by pH. The most stable mixture of acidic and basic 
microspheres displaying cell-like properties (enzyme-like activities) has been 
obtained in alkaline solutions with a pH up to 9. 

■ The SOH allows not only low initial Ca concentrations but at the same 
time permits high phosphate levels. In this context the observations of Fox 
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(1968) and Gabel (1990) that inorganic phosphates and polyphosphates affect 
significantly composition and yield of proteinoids becomes important. Dose 
and Rauchfuss (1972) reported the production of acidic and basic proteinoids 
in a single preparation by heating an alkaline mixture of amino acids with 
sodium polyphosphate. 

Mitochondria have a specific and - for all eukaryotic cells - uniform 
relation to calcium which offers indirect clues as to the Ca 2> concentration in 
the early ocean. As mentioned above, mitochondria have low Ca storage 
capacities at cytosolic Ca 2+ concentrations below ICr 5 M. They increase their 
Ca intake capacity at higher cytosolic Ca 2 " concentrations enormously, 
displaying, however, often symptoms typical of calcium intoxication. 
According to the widely accepted endosymbiotic theory of eukaryotic cell 
origin (e.g. Marguus, 1981; Cavauer-Smtth, 1981), mitochondria represent 
prokaryotic organisms engulfed during eukaryogenesis by microbial host cells. 
After incorporation into the cytosol of a foreign cell, the mitochondrial 
organism could survive only at Ca 3- concentrations approaching those of their 
original environment, which in our reasoning should not be higher than 10* M. 
Furthermore, the Ca extrusion system in mitochondria is adjusted to low Ca 
levels only, because it is based on the rather simple Na*-Ca 2+ exchange 
mechanism which would not allow survival in a present-day extracellular Ca :+ 
concentration but was effective at the pre-mitochondrial stage of evolution. 

Cyanobacteria seem to be particularly good indicators of ancient highly 
alkaline environments. Microfossils closely resembling filamentous and 
coccoid cyanobacteria are known already from early Archean sediments and 
the oldest are reported from 3.5 to 3.7 Ga old strata (Awramik et al., 1983; 
Schopf and Packer, 1987; Walsh, 1992; Schopf, 1993). All modem 
cyanobacteria are without exception alkalophilic or at least aikalotolerant 
organisms (Brock, 1973; Kroll, 1990) having extremely low requirements 
for Ca (Gerloff and Fishbeck, 1969). Even slightly increased external Ca 
and/or Mg levels stimulate in cyanobacteria excretion of thick 
mucopolysaccharide sheaths (Foerster, 1964), which bind the surplus of 
extracellular Ca or Mg, keeping them out of the cell. These sticky compounds 
were in all probability the main factor responsible for the early establishment 
of benthic cyanobacterial communities which produced various microbialitic 
structures at sites of higher Ca influx into the Ca-poor Archean ocean (e.g. 
restricted evaporitic basins, vicinities of Ca-rich hydrothermal vents, areas 
influenced by terrestrial runoff or supratidal environments - see Walter, 
1983, for review). 

Sodium appears to be essential for cyanobacterial growth (Kratz and 
Myers, 1955, Allen and Arnon, 1955), a further support for the SOH. 
Experiments have shown (e.g. Abe et aL, 1987) that under high Na 
concentration both CO2 and HCCh" were actively transported into cells 
whereas under Na + -deficient condition transport of both of these species was 
suppressed. Na" ions can substitute H + as the energy coupling ions in 
cyanobacteria as well as in many other bacteria (e.g. Lanyl 1979). According 
to Skltachev (1989, 1992), the reason for this substitution in marine bacteria 
is the adaptation to alkaline conditions, in which the concentration of protons 
is larger in the cytoplasm than outside and in which the electrochemical 
potential of the cells can be maintained by discharging Na* instead of protons. 
The large number of bacteria (including cyanobacteria) possessing primary 
Na + pumps (Dimroth, 1990) and adapted to high pH indicates, according to 
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Skulachev (1989), that this "sodium world" arose early in evolution and still 
occupies a large fraction of the biosphere. It is interesting to note that Na* is 
directly involved m energy transduction also in mitochondria and 
chloroplasts, as recently shown by Skulachev (1989). Should these 
organelles once have been free living, they must have been part of the hiefalv 
alkaline "sodium world". 

5.4 Calcium build-up in the ancient sea: a promoter of major steps in 
the evolution of life 

Compared to other hypotheses of early ocean chemistry (for review see- 
Ronov, 1968; Garrels and Mackenzie, 1971; Holland. 1972- 
Maisonneuve, 1982; Walker, 1983) the hypothesis of an alkaline ocean hai 
a substantial advantage: it provides a plausible geochemical scenario for 
major innovations in the evolution of early life. Changes in extracellular Ca 2+ 
level are known to induce and control many critical metabolic and 
morphogenetic processes, in fact some of these can only be initiated at strictlv 
defined extracellular Ca i+ levels. Taking this into account, Kazmierczak and 
Degens (1986) and Kempe et al (1989) have interpreted some of the kev 
events in the evolution of Precambrian life, such as eukaryogenesis increase 
in morphological diversity of unicellular eukaryotes. origin of multicellular^ 
and the onset of biocalcification, as the result of gradually increasing Ca 2 * 
pressure uponthe evolving biota, The interpretation has been supporfed by 
data derived from cell physiology, developmental biology and ecotoxicology 
and confronted with the known Precambrian paleontological record As the 
paper presenting most of the data was published in a periodical of rather 
limited circulation, particularly among biologists, we feel that it may be 
beneficial for the current presentation to recapitulate its main points. 

One of the most critical innovations in evolution was undoubtedly 
eukaryogenesis (eukaryosis), which arose, according to the most widely 
accepted theory, by serial endosymbiosis (Marguus. 1981; Sitte, 1993 for 
review). The eukaryotic (or better proto-eukaryotic) ancient "host" cell 
acquired chloroplasts and mitochondria svmbionts by means of endocytosis 
(e.g. CAVALrER-SMrrH, 1981; Muscatine, 1982). In experimental transfer of 
focof mit0£ * ondria into yeast protoplast (Kovac et al, 1989; Sulo et al t 
1989) it was found that an optimal frequency of transfer and satisfactory 
protoplast-to-protoplast fusions were obtained when the isolated mitochondria 
and protoplasts have been pretreated with Ca 2 * ions (introduced to the medium 
as 10 mM CaCh). Apparently the Ca 24 ions are instrumental in firmly binding 
the mitochondria to the surface of protoplasts. Furthermore, experiments with 
various amoebas show that the two fundamental types of endocytosis i e 
pinocytosis and phagocytosis, are Ca-dependant, with maximum uptake at 10* M 
external Ca 2 * level (Prusch and Minck, 1985; Young, 1985). Decline in 
extracellular Ca^ below 10 ' M diminishes profoundlv the endocytotic 
capacity of amoeba. Transferring these Ca 2 * thresholds to the scenario of the 
Ca-poor Precambrian ocean, it can be concluded that the sustenance of the 
tot endosymbiotic cellular systems leading to the origin of true eukaryotic 
2 ni Tf^° S lf 2^ iy not P° ssible ™& the extracehular Ca 2 * level was well 
3). This level could have been attained quite early, judging from 
recent paleontological findings of eukaryotic fossils in sediments 2.1 Ga old 
(Han and Runnegar, 1992). An origin of eukaryotic ceUs much earlier than 
ivLV S ^o^ U !l eSted by extra P° lat ^g the rate of protein evolution (e.g. 
WOE6E, 1987). This may implicate that some of the eukarvogenic events 
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could have occurred at sites of higher Ca inputs (e.g. at hydrothermal or river 
influxes) into the otherwise Ca-poor ocean. 

Ca has probably been also involved in nucleus formation in 
protoeukaryotes. The Ca level plays a crucial role in maintaining chromosome 
configuration (Bajaj et a/., 1971) and modulates the distribution of condensed 
and diffused chromatin (Aaronson and Woo, 1981; Matsumoto and Takyu. 
1986). Ca 2+ is reported to regulate various nuclear activities. in animals, for 
instance the initiation of DNA synthesis (Boynton et ai. 1980), assembly 
and disassembly of microtubules in chromosome movement during mitosis 
(Hepler, 1992), and regulation of cell proliferation (Sasaki and Hidaka, 
1982). Nuclear Ca 2f appears to be regulated independently of cytoplasmic Ca 2+ 
by gating mechanisms in the nuclear envelope (Williams et ai. t 1985). This 
strongly implies that the shift of the genetic material to the cell interior in 
protoeukaryotes and its raembranization could have been an adaptive 
response to protect the genetic material against the deteriorating influx of 
excessive Ca*% due to its build-up in the environment Cell nucleus formation 
•had not to be necessarily associated with a significant increase in cell size as 
usually proposed by students of Precambrian microfossils (e.g. Schopf, 1978* 
Knoll, 1983; Vidal, 1984). 

According to Cavauer- Smith (1987), the key step in the evolution of 
eukaryotes was the development of the cytoskeleton which enables the cell to 
keep the structural integrity - a basic prerequisite to have a fluid outer 
membrane. There are indications that both synthesis and disassembly of basic 
cytoskeletal proteins (tubulin and actin) comprising cytosolic microtubules 
and microfilaments are highly Ca 2 + and Mg 2T -dependent (e.g. Gal et aL, 1988; 
Stossel, 1989). The changes in microtubule organization caused by changing 
external concentrations of these cations are in certain organisms very fast and 
often associated with impressive morphogenetic effects (Goodwin. 1989). 

Besides in cyanobacteria, extremely low Ca requirements have been 
observed in some fungi and unicellular algae. Particularly interesting in that 
regard are some unicellular and coenobial algae, (e.g. some species of 
Chlorella and Scenedesmus; see O'Kelley, 1968; Gerloff and Fishbeck, 
1969) which bear some resemblance to Precambrian larger unicells called 
acritarchs. Small (10-15 um in diameter), spherical acritarch-like microfossils 
appear first in deposits ca, 2.4-2.3 Ga old (e.g. Hofmann, 1976). In sediments 
ca. 2.0 Ga old larger and morphologically diversified unicells appear which are 
known as acanthomorph acritarchs (e.g. Pflug and RErrz, 1985; Hofmann and 
Grotzinger, 1985). In our opinion, they may represent a response of acritarch 
organisms to increasing marine Ca 2 ' concentration. Environmental Ca 2 * level 
has a profound impact both on size and shape of algal cells. For example, cells 
of Chlorella growing in Ca ! *-depleted water are much smaller than cells from 
Ca 2 *-rich media (Stegmann, 1940). Media with Ca 2 * concentrations < 10^ M 
caused not only a decrease in cell size in the green alga Scenedesmus but 
evoked also change in the shape of the cells from typically spindle-like to 
ellipsoidal or spherical (Kylin and Das, 1967; Trainor, 1969). Prominent 
phenotypic expressions have been exerted in the siphonalean green algae 
Acetabidaria by changing extracellular Ca levels (Harrison and Htm. rap, 
1985; Goodwin, 1989; Goodwin and Trainor, 1985). 

During the Proterozoic, acritarchs increased considerably in diversity and 
near the turn Precambrian/Cambrian some of them achieved' impressive sizes, 
for unicellular organisms, while others developed great varieties of shapes 
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(e.g. Vidal and Knoll, 1982; Vidal, 1984; Wang, 1985). It may be 
presumed that the evolutionary tendency of acritarchs to increase size and 
sbape diversity was a survival strategy invented by these unicells to cope with 
the dramatic increase of Ca* concentration in the ambience. The great influx 
(uptake) of this dangerous cation (similarly as in case of other metal ions) 
pushed the cells to increase the rate of its excretion. An optimal excretionarv 
surface to volume ratio in initially small cells could be achieved either by 
increasing the cell diameter or by development of various secondary 
structures, like appendages or spines, increasing the cell surface without 
radical change in cell diameter. In the fossil record, the first strategy is 
represented by the giant, spherical Chuaria (e.g. Hofmann, 1985), the second 
by an array of variously sculptured late Proterozoic acritarchs (e.g. Vidal and 
Knoll, 1982; Wang, 1985; Moczvdowska et aL 1993) attakung often also 
remarkably large sizes (e.g. Vidal, 1990). 

Large phosphogenic events noticed near the end of the Precambrian 
(Sheldon, 1981; Cook and Skergold, 1984) intensified probably the Ca 
stress experienced by the planktonic algae. It is known that Ca migration into 
cells is enhanced m the presence of higher extracellular concentrations of 
inorganic phosphate (Cotmore et aL, 1971; Borle, 1981) and synergistic 
action of Ca-- and POf may even produce sublethal or lethal effects (Dziak 
and. Brand, 1974; Hellman and Anderson, 1978). Planktonic algae respond 
to simultaneous excess of Ca 2 - and PCV by copious excretiorTof 
mucopolysacchandes and glycoproteins (Chrost, 1978) and often also with 
an increase in cell size (Friebele et aU 1978; Smtth and Kalf, 1982). 

The function of Ca in cell contact physiology in metazoans and aggregates 
of protists and fungi permits to draw far-reaching conclusions concerning the 
significance of increasing Ca* concentration in the early ocean for promoting 
the origin of multicellular life forms. Of particular interest are here the 
definite ^extracellular Ca 2 " concentration thresholds indispensable for cell-to- 
cell adhesion, ceil aggregation and many other cell contact phenomena 
reported from various groups of organisms. 

Colony formation in the green alga Coelastrum is directly controlled by 
extracel ular Ca- levels (Chan, 1976). A medium with a Ca* concentration of 
ca I x 1U M supported only growth of unicells. Formation of colonies was 
induced by raising the Ca 2+ level to 2 x 10 3 but further increase to 10* M and 
higher had inhibitory effect on Coelastrum growth. 

Extracellular Ca 2 ' levels of about 10* M is needed for initiating cell 
aggregation in yeast (e.g. Rose, 1984) and slime mold (Bonner, 1971). Ca>* is 
linking anionic groups of cell wall components of adjacent cells and mav act 
as co-ractor in activating the binding capacity of certain glycoprotein 
component to carbohydrate (Burger and Misevic, 1 985). 

1 q ? C ^ a °^ 0f ? e oldest coenobial algae (? protovolvocaeans) in the ca. 
1.9 Ga old Gunflmt Iron Formation (Kazmierczak, 1976) can be taken as an 
indication that the critical environmental Ca* level of about 10 4 M needed for 
inducing cell aggregation in algal protists was probably established by that 
time. A significant increase in abundance and variety of .coenobial and 
colonial algae occurred during the late Proterozoic (e.g. Timofeev. 1969' 
S i 982: ^ Ut:TELA > 1984 >* The ^iva aggregation of 
Stf dUrmg ^ 5™ e Was probabl > r danced by the aforementioned 
simultaneous excess of Ca 2 * and P(V in seawater. 

It seems that calcium was directly involved in the origin of metazoan life 
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forms. Early observations of Herbst (1900) and Holtfreter (1943) showed 
that in extremely Ca-deficient solutions cells of gastruiating embryos and 
. tissues fail to adhere and that cell aggregates disintegrate. It follows that a 
certain critical concentration of free Ca u is absolutely necessary to keep 
metazoan cells together. Sponges provide a classical example of Ca 2 ~- 
dependent cell aggregation. Microciona and Haliclona cells disintegrate if the 
Ca level falls below l(r ! M and they reaggregate after the Ca concentration 
has been increased above this level (Kretsinger, 1977a). Similar experiments 
carried out on embryos and tissues of various animals demonstrate that in 
most of them cells failed to adhere when the extracellular Ca 2+ level is < lCr 4 M. 
This is because withdrawal of Ca leads to a disruption of intercellular 
junctional complexes (e.g. Gilljla and Epstein, 1976; Franchi and C amattni , 
1982; Volberg et a/., 1986). For instance, Lane (1968) reported that for this 
reason hydroids cease growth when external Ca 3- is < 10" 4 M, and Arthur and 
Sandbon (1969) observed the same for nematodes. 

It has also been demonstrated that extracellular Ca 3 - and other divalent 
cations can trigger cell membrane lysis and cause cell fusion 
(Papahadjopoulos et a/., 1990 for review). Biomembrane fusion is a basic 
event which is essential for a large number of biological processes like the 
formation of bi- and multinucleate syncytia and giant cells, polykaryons and 
heterokaryons (e.g. McConachie and CTDay, 1986; Salhani et aL, 1985; Lee 
and Brown, 1987). The cell fusion process can be accelerated by, for 
instance, preincubating the cells in a medium with high pH (> 10). a 
temperature of about 37°C and subsequent addition of Ca (Toister and 
Loyter, 1971). Similar cell fusion phenomena could have been promoted in 
the alkaline Precambrian ocean at sites where Ca was injected (hydrothermal 
vents or groundwater seepage), which - in the case of heterotrophic unicelis - 
may have led to the origin of polykaryon (multinuclear) organization {e.g. 
some ciliates) and - in the case of algal cells - to a coenocytic Bauplan (e.g. 
siphonalean algae). Some nonseptate or sparingly septate, branched 
filamentous fossils appearing in sediments ca, 2 Ga old and younger (compare 
Cloud, 1976; Awramik and Bakghorn, 1977) may already represent first 
coenocytic algae. Many megascopic carbonaceous fossils (vendotaenids, 
beltinids, moranids etc.) ranging from the early Proterozoic into the. 
Phanerozoic (e.g. Hofmann, 1985; Steiner et aL, 1992) represent probably 
coenocytic organization as well. They also showed a tendency towards an 
increase in cell size with time similar to the already discussed unicellular and 
colonial algae (Hofmann, 1985, for review). 

These observations allow the general conclusion that extracellular Ca 2 * 
levels of between 10 5 to 10 4 M could be a chemical prerequisite for the origin 
of metazoan, coenobial, colonial, syncytial, and polykaryon organizational 
stages in evolution. Such Ca 2+ levels could have been reached in the ocean 
quite early, presumably in the early Proterozoic, due to the intensified riverine 
input of Ca as a result of the rapid cratonization beginning at the end of the 
Archean (Veizer and Compston, 1976; Kroner, 1984; Veizer, 1985). 

5.5 Biocalcification: an evolutionary product of Ca extrusion systems 
in C a -stressed cells 

Explaining the onset of the biocalcification at the Pe/e boundary as the 
common response of many groups of marine biota to a dramatically increased 
Ca level (Kazmerczak et aL, 1985) is a logic extension of the soda ocean 
hypothesis (Kemfe and Degens, 1985). The concept of "Ca stress" (Degens 
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et al. % 1985) implies that temporally high Ca concentrations exert a 
physiological pressure upon the evolving biota. Ca stress has been supposed 
to be the geochemicai factor triggering the onset of biocalcification and 
subsequent events of heavy calcification as well as the later carbonate and 
phosphate skeletonization hi additional marine groups (chordates, benthic and 
planktonic foramiiiifers, coccolithophorids, calpionellids, scieractinian corals 
bryozoans, etc.). However, even though the external Ca concentration is very 
important to the organisms, the influx of .Ca into the cells is usually mediated 
(enhanced or impeded) by a number of other factors such as light, pH, 
alkalinity, and the concentrations of oxygen, Mg, and PO^. light, hypoxia! 
increased pH, alkalinity, and PO^ are known, for instance, to enhance Ca 
migration mto cells (e.g. Borle, 1981; Roos and Boron, 1981; Campbell, 
1983; Trump and Berezesky ; 1985, 1992). These synergisms must also have 
been instrumental for the onset of biologically controlled (enzymatic) 
biocalcification at the Pe/e boundary. 

CeUs of biommer^lizing systems can create conditions in which ions reach 
sufficiently high concentrations to cause mineral deposition in association with 
various biopolymers within fluid microenvironments. Some 60 different 
mineral types have been identified from 55 oxganismal phyla (Lowenstam and 
Weiner, 1989; Simkbs and Wilbur, 1989). In most of the phyla nucleation and 
mineral growth occurs within a preformed matrix that almost always includes 
acidic rnacromolecules rich in carboxylate, sulfate, and/or phosphate moieties 
(Weiner et a/., 1983; Addadi et aL, 1989; Weiner and Addadi, 1991). 

Simxiss (1976) and Wilbur (1980) formulated three basic rules for the 
functioning of eukaryotic mineralizing systems (summarized in Wilbur, 
1984), enclosing those consisting of an epithelium, of single cells, and of 
mineralizing intracellular vacuoles: (I) the ion activity product must exceed 
the solubility product of the precipitating mineral; (fi) biomineralization is 
associated with secretion of organic matter by mineralizing cells; and (HI) 
crystal formation occurs usually in fluid microenvironments. 

Rule m is straightforward, but the others need comment. In matrix/crystal 
interaction (rule H) it is generally assumed that the organic matrix plays a 
critical role in regulating growth and morphology of the mineral phase (e g 
Crenshaw, 1982; Weiner et aL 1983; Wheeler and Sdces, 1984). Dissolving 
the biommeral with EDTA or other weak acids yields a soluble matrix 
fraction (SM) which is capable of binding Ca. The presence of SM is often 
cited as evidence that the matrix initiates and controls crystal growth (Addadi 
and Weiner, 1989; Mann et al. x 1989, for review). Wheeler et al (1987) and 
Wheeler and Sikes (1989), however, expressed the opinion that the 
hypotheses which rely on SM Ca-binding need to be re-evaluated because 
crystal-binding, rather than Ca-binding by the SM is responsible for the 
initiation of biomineral formation. 

We already discussed how Ca 2 * enters cells and which modes of Ca J * 
capacitation exist within cells. In order to meet rule I it would, however be 
interesting to explore the way (or ways) on which Ca 2 * is transported to 'the 
site of precipitation and where the HCO 3 " and PO« 3 ' are derived from to 
produce biominerals. 

Biornineralization is apparently linked to the proficiency of living systems 
to cope with reactive metal ions in the environment. To utilize some of them 
as key constituents in growth and metabolism was an essential achievement of 
evolution. Biocalcification could, therefore, be interpreted to be an 
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evolutionary derivative of the function the reactive Ca 2 * plavs in cells 
(Kazmerczak and Degens, 1986; Simkiss, 1989). 

The messenger function of Ca is, according to our scenario, of very 
ancient origin and the gradually (or sometimes spasmodically) increasing 
environmental Ca concentration must have caused life to evolve suitable Ca 
regulation and extrusion mechanisms. These include extracellular Ca-binding 
polymers and Na'-Ca 2 * exchanger in prokaryotes and a variety of Ca 2+ 
channels and sophisticated Ca 2+ regulation systems in eukaryotes. An 
excessive influx of Ca : * into eukaryotic cells, leading to a physiological Ca 2 " 
stress, must have been compensated by an increased efflux of this cation. This 
may have resulted in the evolution of a large array of Ca 2+ -affine secretory 
macromolecules carrying Ca in a complexed (bound) form via the 
endoplasmic reticulum, Golgi stack and Ca-ATPase pump to intra- and/or 
extracellular sites. Acidic glycoproteins, sulfated proteoglvcans, 
glycosaminoglycans, acidic polysaccharides, phosphoproteins, or 
phospholipids are associated with cytoplasmic vacuoles, lysosomes, secretory 
granules, matrix vesicles, and membrane bound vesicles in eukaryotes 
ranging from protoctists to vertebrates (e.g. Nilsson and Coleman, 1977; 
Anderson, 1985; Mann etai, 1986; Beaudoin and Grondin, 1991; Nicaise 
et ai y 1992). All of these macromolecules have a high Ca storage capacity 
and are involved in post-rranslational processing of carbohydrate moieties of 
membrane and secretory proteins (including functional calciproteins such as 
calmodulin, troponin-C and paralbumin), part of which are sequestered on 
that way before exocytosis. Secretion therefore serves a dual purpose: 
metabolic waste discharge and Ca 2 * detoxification. Because the same as above 
groups of high affinity Ca-binding acidic macromolecules are typical 
components of the so-called calcifying matrices identified in almost all 
carbonate and phosphatic biominerals (e.g. Veis et aU 1977; Wheeler and 
Sikes, 1984; Kemp, 1984; Weiner et al, 1983; Weiner and Addadi, 1991), 
biocalcification can also be considered as a means of Ca detoxification or at 
least as part of the cellular Ca extrusion system. 

It still needs to be explained why the same Ca4oaded polymers are in one 
site associated with biominerals but not in others. Apparently biominerahzation 
depends on the ability of cellular systems to provide for a space where a 
supersaturated solution can be sustained to facilitate a continuous biomiueral 
growth (rule I). This implies (i) that Ca 2+ is liberated from its carrier at the 
calcification site; that (ii) Ca 2+ is provided at similar rates as carbonate and 
phosphate ions; and that (iii) the reaction space must be fluid in nature. 

The catabolic degradation of the Ca 2+ -binding polymers is poorly 
understood. It may occur after leaving trans Golgi (Degens, 1976 for review). 
Solubilization by uronic acids or similarly acting sugars and subsequent 
action of proteases could liberate Ca 2 * from its carrier. Discovery of Ca- 
dependent non-lysosomal proteases (calpains) active at cellular membranes 
(Murachi et a/., 1981; Pontremou and Melloni, 1986) indicates that such 
enz)Tnatically controlled Ca 2+ source is feasible. Ca-dependent proteases can 
act as a kind of bomeostat, autoactivating when cytosolic Ca 1+ concentration is 
significantly elevated (Mellgren, 1987), suggesting that cleavage of Ca 
earners could be triggered by Ca 2 * influx into cells. 

The carbonate and phosphate ions for biominerahzation are supplied by 
carbonic anhydrase (CA) and alkaline phosphatase (AP), enzymes which are 
known to be associated with biocalcification. 
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CA catalyses the reversible hydration of CO to HCCfc and may therefore 
liberate the carbonate ions needed to form CaCCfe (Wilbur and Saleuddin, 
1983; Kixgsley and W^TABE, 19S7) or it may function in the reverse direction 
removing W, thereby increasing pH and enhancing calcification (Wheeler, 
1975). CA may also facilitate CCfe transfer from the external medium to the 
calcification site (Chen and Lawrence, 1987). Evidence in general suggest that 
dissolved inorganic carbon, i.e. the substratum for the CA activity at 
calcification sites, is primarily derived metabolically even though external 
supply may also occur (Sikes and Wheeler, 1983; Sjmksss and Wilbur, 1989). 

AP is associated with mineralization in vertebrates but also in several 
groups of invertebrates (for review: Wuthder and Register, 1985; Donachy 
etal, 1990). It increases the concentration of inorganic phosphate locally, acts 
as a phosphate carrier, and mediates the hydrolysis of organic phosphate 
compounds thereby increasing the concentration of ?Of at sites of biomineral 
formation (e.g. Kakuta etal., 1985; Hunter etal, 1993). 

There is b'ttle doubt that these enzymatic systems existed long before the 
onset of Decalcification as an integral part of the cell's metabolic system 
responsible for sequestration, degradation and extrusion of metabolic waste 
products, including metal detoxification. Two different strategies of metal 
detoxification have evolved : (i) transition and trace metals are bound to Pol- 
and neutralized in ortho- and polyphosphate metal-enriched granules (Simkiss 
and Mason, 1983; Simkiss and Taylor, 1989); and (ii) calcium is bound to 
macromolecules of high Ca** affinity and transported together with metabolic 
phosphate to final neutralization sites. Either they are diffused in ionic form to 
the external environment or kept inside as tiny intra- and extracellular Ca 
phosphate "packages". In light of the early alkaline ocean hypothesis one can 
assume that the first detox-systems derived from times when metal cations 
were abundant but Ca concentration was low. The later Ca H increase caused 
acute problems for the cells because higher Ca 2 * influx required higher Ca^- 
binding capacities in Ca-transporting macromolecules and raised problems at 
Ca 2 " diffusion sites. The dramatic Ca 2+ buildup in the sea water near the 
Proterozoic limited the effectiveness of diffusion and lead to increased 
supersaturation at epithelial extrusion sites causing mineral nucleation. The 
high environmental PO^ concentrations derived from anaerobic basins and 
the accompanying Ca 2+ shifted the ion activity product of the first 
exoskeletons in favour of Ca phosphate minerals. With the rapid depletion of 
phosphate from the ocean, biomineral formation shifted, with the exception of 
chordate endoskeletons and a few invertebrate groups, to calcium carbonate. 

Two principally different biomineralization processes are distinguished 
(e.g. Lowenstam and Welmer, 1989): biologically induced or non^enzymatic 
mineralization, resulting from the interaction of the organisms with its 
environment, and biologically controlled or enzymatic (called also, after 
Lowenstam, 1981, organic matrix-mediated) mineralization, which is conducted 
under strict cellular control through the influence of organic polymers. 

The biologically induced calcification characterizes bacteria and lower 
plants (algae). It is usually the result of CO* fixation by photoassimilation 
whereby minerals precipitate at the cell surface because of the increasing 
CCh 2 - ion activity and therefore CaCO* supersaturation in the cell ambience. 
Good examples for this mineralization are the modem and fossil in situ 
calcified cyanobacterial mats known as stromatolites and thrombolites 
(Golubic, 1973; Krumbein, 1979; Pentecost and Riding, 1986. for review) 
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As already mentioned (Chapter 3.2) cyanobacterial mat calcification is 
initiated only at high carbonate mineral supersaturations (SL*kii=> 0.8; Kempe 
and Kazmierczak, 1990a). As an example, the modern in vivo calcified 
cyanobacterial mat from Satonda Crater Lake is shown in Figure 13 (Kempe 
and Kazmierczak, 1990b, 1993). It demonstrates that the stromatolitic 
structure is actually the product of two different biologically induced 
calcification processes: (i) the in vivo precipitation of high Me-cakite at the 
surface of the cyanobacterial mat (dark laminae), due to the high calcite 
supersaturation of the lake water during the dry season, and (ii) the early 
postmortem permkeralization with aragonite (light laminae) of remnants of 
non-calcified cyanobacteria (possibly grown during the wet season at lower 
supersaturation in the lake water) triggered by an alkalinity increase within 
the decaying mat due to the action of sulfate reducing bacteria (Kazmierczak 
and Kempe, 1990, 1992). Such microbialites can be seen as analogues of 
Precambrian stromatolites which were, up to the appearance of skeleton- 
bearing organisms at the PeA= boundary, the only macroscopic products of 
marine biocalcification. In the highly alkaline and Ca poor Archean seawater 
they could have formed only at places of notable Ca and Mg influx where not 
only high supersaturations of carbonate minerals could arise but where also 
enough divalent ions were available. With the begirming of the Proterozoic, a 
decreasing alkalinity caused an increase in Ca 2 * and enough Ca was available 
in seawater to trigger widespread growth of stromatolites in open marine 
shallow waters. In the Riphean (late' Proterozoic) the peak of this development 
was reached and widespread, thick series of microbialitic limestones formed 
(Grottzinger, 1989, for review). Thus, high carbonate mineral supersaturation 
in seawater can be taken as the major factor responsible for the intensive 
formation of carbonate microbialites during the Precambrian (Grotztnger 
1990; Kempe and Kazmierczak, 1990a). 

The first wave of biologically controlled biocalcification close to the Pe/€ 
boundary led predominantly to the evolution of phosphatic skeletons 
(Lowenstam and Marglus, 1980; Bengtson and Conway Morris, 1992). 
At that time seawater must have had a high PCV concentration as witnessed 
by large contemporary phosphorite deposits (SHELDON, 1981). It has even 
been suggested that this "phosphogenic event" was the triggering mechanism 
for skeletonization by increasing the metabolic rates of many organisms 
(Cook and Shergold, 1984). Knowing, however, that increased PO* 3 " levels 
increase the migration of Ca 2f into cells (as described above), it can easily be 
conceived that such synergism caused phosphate precipitation in cells due to 
enhanced supersaturation of calcium phosphates close to the cell membranes. 

The high phosphate concentration at the Pe/e boundary is most probably 
connected with oceanic overturns (for review: Eraser, 1992; Tccker, 1992), In 
our scenario the increase of PCV" in anaerobic basins is easily explained with our 
"alkalinity pump" concept; the increased sulfate concentration of the late 
Proterozoic ocean made sulfide available in excess of iron which prior to the 
availability of sulfate regulated phosphate concentrations (compare also Fig. 6). 
Furthermore, these anaerobic basins produced spikes of alkalinity further stressing 
the evolving organisms. Experiments by Bachra (1963) showed that in solutions 
containing Ca 1 * and VO* y shirts in HCO concentration can alter the proportion of 
the precipitated Ca carbonates versus the Ca phosphates (Figure 14). 

The previous suggestions that increased oxygen levels promoted the origin of 
metazoans and the onset of biornineralization (Towe, 1971, 1981; Knoll, 1991) 



Bulletin de t'lnstitut octonographique, Monaco. n° special 13 (1994) 



95 



SEP-1 1-2002 11=24 



LINDA HftLL LIBRftRYL 





Figure 13 - Modem analogue of ancient calcareous stromatolites produced by in situ 
calcification of bentbic cyanobacterial mat evoked by high but fluctuating level of calcium 
carbonate saturation in the environment, a: SEM view of living surface of a coccoid 
cyanobacterial mat m part heavily permineralized with raicrogranular hieh-Mg calcite* 
b. microscopic vertical cross section of a stromatolitic structure built by coccoid 
cyanobactena shown in (a); the fine lamination is the result of alternation of in vivo with 
permmeraiized cyanobacterial layers (dark laminae) and early post-mortem with aragonite 
penninerahzed cyanobacterial layers (light laminae). The critical factor controlling the 
mineralogy and mode of permineralization in these microbialitic structures are seasonal 

1990). Saionda Crater Lake, Indonesia; bar scales equal- in (a) - 50 urn, in (b) - 300 pnT 
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Figure 14 - Experimental carbonate (calcite and aragonite) and phosphate (amorphous Ca 
phosphate and apatite) mineral deposition from solutions containing various concentrations of 
calcium, carbonate and phosphate ions. Two series of solutions were employed: 110 mM (a) 
and 22 mM HCOs (b) (from Bachra, 1963, modified by Wilbur and Simkiss, 1968). The 
diagrams suggest that the predominance of phosphatic skeletons during the onset of 
biocalcification at the transition Precambrian/Cambrian could be a synergistic effect of 
simultaneous Ca v , PCV , and HCOj excess in shallow waters caused by oceanic overuim(s) 
Under slightly increased PO^ concentrations even at lower HCO and Ca 1 * concentrations Ca 
phosphate deposits clearly predominate over carbonate minerals. 

are weakened by recent findings documenting the existence of eukaryotic 
(algal) life forms 2.1 Ga old (Han and Runnegar, 1992, and a comment by 
Riding, 1992), which require an at least mildly oxygenated atmosphere 
already in the early Proterozoic (Runnegar, 1991). 

It should be stressed that during the impressive skeletonization events 
near the Pc/e boundary mostly calcareous and phosphatic macroskeletons 
appeared. In the much longer pre-macroskeletal period during which cells had 
to detoxify not only Ca but predominantly transition and heavy metals 
abundant in the Precambrian sea, the formation of less spectacular, 
microscopic biomineral structures could be expected. 

Special mechanisms of cell detoxification by binding excessive metals to 
metabolically produced phosphates and precipitating them in the form of 
insoluble granules which are widely distributed in extant both non- 
skeletonized and skeletonized animals (Simkiss, 1981; Simkiss and Taylor, 
1989; Brown, 1982), may be reminders of this ancient detoxification 
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mechanism. Interestingly, these spherical granules, 1-100 urn in diameter, are 
formed in close association with the Golgi complex, endoplasmic reticulum, 
lysosomes and membrane-bound vesicles. Also the metal-affine organic 
matrix is similar for sites producing granules and for sites forming 
macroskeletons. However, even if these microscopic mineral deposits predate 
the Pe/e skeletonization events by far, they would be difficult to find and to 
extract from the rock record. Similarly, various spicular elements, abundant in 
many extant lower metazoans (particularly members of marine meiofauna - 
compare e.g. Rieger and Sterker, 1975), could have been existing prior to 
the onset of macroscopic skeletons. We therefore agree with Simkiss (1989) 
that the cellular mechanisms, involved in the macroskeleton formation, must 
have existed prior to the Pe/e transition for several hundred millions of years. 

Among the Phanerozoic skeletonization events, the emergence of the 
calcareous nannoplankton (coccolithophorids) in the early Jurassic and of the 
planktonic foraminifers in the late Triassic (Herman, 1979) are the most 
important Both groups certainly existed long before they started calcification, 
which was, in our opinion, a response to a Ca stress which arose after the 
great Perrnian/Triassic oceanic overturn and after the Permian extraction of 
Ca as sulfate and carbonate deposits which lead to a low overall Ca balance 
for the ocean. Also the reestablishment of anoxic basins and the production of 
excess alkalinity played a role. It is known that higher Ca 2 * concentration and 
pH enhances coccolith formation in coccolithophorids, whereas lower pH and 
Ca 2 * concentrations suppresses coccolith formation even though viable cells 
have been observed both in nature and in culture (e.g. Swift and Taylor, 
1966; Sikes and Wilbur, 1980). Other Phanerozoic skeletonization events, 
like for example, the appearance of calcareous benthic foraminifera in the 
Devonian or of scleractinian corals in the Triassic, could also have been 
caused by environmental Ca stress to which the non-calcifying predecessors 
of these groups have been exposed. 

6. OUTLOOK 

The coupled changes of alkalinity, calcium and CaCCb supersaturation 
through Earth history provide a powerful mechanism which could have 
promoted evolution of living systems (Figure 15). The Precambrian alkaline 
ocean and the "alkalinity pump" operating on and off in the Phanerozoic 
ocean are geochemically plausible scenarios. In the discussion we tried to 
show the evidence in favour of these scenarios. From the many arguments 
which we present, two seem to be the most convincing for us; 

- The close comparability of present day environments generating in situ calcified 

microbialites with the alkaline Precambrian seas sustaining calcareous 
stromatolites; the recurrence of such microbialites in Phanerozoic 
epicontinental seas due to alkalinity plumes from anaerobic basins. 

- The role of calcium for the biochemistry and physiology of the cell, which 

could have evolved only in an environment of very low ionic calcium 
concentration, such as is provided in highly alkaline waters. 
Integrating a large body of knowledge from a wide spectrum of 
geological, chemical and biological sciences is a difficult task. If all of the 
observations, which we cite in favour of our hypotheses, will stand closer 
inspection will be seen in the future. We think that the early alkaline ocean 
offers new explanations for many aspects in the evolution of life and in the 
geologic history, which so far were not explained satisfactorily. 



98 



Bulletin de I'lnstitm ocianographique, Monaco, n° special 13 (1994) 



flip 

o g. 3 I g 
3 * 3 *2. v. 

fa 1 

3 g « 5'5 
g £ S 
§■5 3-"8S 

2 & § 1 - 
w 8 2 S « 

13 ^ X =» 3 ' 

n o O 3 5 
£ o n o." 



£f 3§.= 

_ X 3 3 d 

e, 

9£ n ~ 2 ° 
a . E5 a. 3 » 

O -J o 
O CP ■» o 

w - ^ =• & 3 
* o 5 o 2 
8 a 2 2.3 

Still 

5 B S» € 3 



3 < i o « 
o» a o 3 



5' £ 



O 



o c r • 3 ° 

o. o * <ra 

O 3 £ <e 
"* O 3. ^ 3 

Hf!f 

SJ rt !» S-n 

2. o- 3 q. ^ 

1 

2 

S.§.g « 

, CO ° 

p* » _ s 

1 s I » 

IS |S 

r n n r 1 



Bulletin de Vh 



-m- 



SEP- 11 -2002 11:25 



LINDA HfiLL LIBRARYL 



816 926 8785 P. 41 



n in diameter, are 
lasmic reticulum, 
al-affine organic 
ir sites forming 
I deposits predate 
uJt to find and to 
tents, abundant in 
cine ineiofauna - 

existing prior to 
h Sarass (1989) 

formation, must 
nillions of years, 
mergence of the 
irassic and of the 
; 9) are the most 
ted calcification, 
1 arose after the 
ian extraction of 
erall Ca balance 
lie production of 
oncentration and 
as lower pH and 
►ugh viable cells 
trr and Taylor, 
♦nization events, 
iminifera in the 
also have been 
ng predecessors 



supersaturation 
ich could have 
mbrian alkaline 
tie Phanerozoic 
ion we tried to 
lany arguments 

* in situ calcified 
ung calcareous 
n Phanerozoic 
;ins. 

the cell, which 
ionic calcium 

1 spectrum of 
k. If all of the 
ill stand closer 
alkaline ocean 
life and in the 



special 13 (1994) 




n 2 Q « 
3 2. S 2L a 

a ° & =» 5 ' 



3 ea ?0 (» 



" a. o ^ 
o «< 3 =o o 

< 3 § FT 3 




AftCHEAN 



PROTEROZOlC 





if 



a ? 

1 a 

3 1* 



Bulletin de Vlnstitia ocianographique, Monaco, n° special 13 (1994) 



99 



SEP-11-2002 11:25 LINDA HALL LIBRftRYL 



816 926 8785 P. 42 
I 



i 



'■ '4 

II 

? J 

r t 



7. ACKNOWLEDGEMENTS 

This paper was made possible by grants from the German Research 
Council (Wo 395/4/1-4; Ke 287/9/1-3) to S.K., by an European Community 
fellowship, a grant from the Committee of Scientific Research (Komitet 
Badan Naukowych - No 0022/P2/92/03) and by the continued financial 
assistance from the Polish Academy of Sciences to LK. The cooperation bv 
G. Landmarm, A. Lipp, A. Reuner, U. Svensson, Dr. M. Duman, Y. Dogan, 
and Prof. T. Konuk during the Lake Van and Satonda expeditions is gratefully 
acknowledged. Without the strong encouragement and support in the earlv 
phase of the development of the SOH by Prof. E.T. Degens, this paper could 
not have been written. We also owe thanks to many colleagues who, in the 
last years, discussed implications of our hypotheses with us and provided 
valuable information and insight. This paper is a contribution to the German 
Research Council Programme "Globale und regionale Steuerungsfaktoren 
biogener Sedimentation". 

8. REFERENCES 

Aaronson R.R, Woo R, 1981. — Organization in the cell nucleus: divalent 
cations modulate the distribution of condensed and diffuse chromatin 
— Journal of Cell Biology, 90: 181-186. 

Abe T., Tsuzuki M., Miyachi S., 1 987. — Transport and fixation of inorganic 
carbon during photosynthesis of Anabaena grown under ordinary air. EL 
Effect of sodium concentration during growth on the induction of active 
transport system for IC. — Plan! Cell Physiology , 28: 67 1 -677. 

Abelson P.H., 1966. — Chemical events on the primitive Earth. — 
Proceedings of the National Academy of Sciences USA, 55: 1365- 1372. 

Addadi L„ Berman A-, Moradian Oldak L. Weiner S., 1989. — Structural 
and stereochemical relations between acidic macromolecules of organic 
matrices and crystals. — Connective Tissue Research, 21: 127-135. 

Addadi L„ Weiner S., 1989. — Stereochemical and structural relations 
between macromolecules and crystals in biomineralization. — In: 
Biomineralization - Chemical and Biochemical Perspectives. Mann S 
Webb J., and Williams R.J. P. (eds.), VCH Verlagsgesellschaft! 
Weinheim, p. 133-156. 

Aharon* P., Schidlowski M., Singh LB., 1987. — Chronostratigraphic 
p markers in the end-Precambrian carbon isotope record of the lesser 
Himalaya. — Nature, 327: 699-702. 

Allen !VLB., Arnon D.L, 1955. — Studies on nitrogen-fixing blue-green 

algae. II. The sodium requirement of Anabaena cylindrica. 

Physiologia Plantarum, 8: 653-660. 

Anderson H.C., 1985. — Normal biological mineralization - role of cells, 
membranes, matrix vesicles, and phosphatase. — In: Calcium in 
Biological Systems. Rubin R.P., Weiss G.B., Putney J.WJr. (eds.) 
Plenum Publishing Corporation, New York, p. 599-606. 

Armstrong R.L., 1991. — The persistent myth of crustal growth. — 
Australian Journal of Earth Sciences, 38: 613-630. 

Arthur E.J., Sanbon R.C., 1969. — Osmotic and ionic regulation in 
nematodes. — In: Chemical Zoology, vol. 3. Florkin M. and Scheer B T 
(eds.), Academic Press, New York, p. 429-464. 



100 



Bulletin de Vlnstitut oceanographique, Monaco, n° special 13 (1994) 



Arthur Mj 
as casi 
Ameru 
Awramik S 
Precai 
Awramik S 
bacteri 
20: 35 
• Bachra B.r 
from 1 
Scienc 
Bajaj YP.S. 
analys: 
749-7; 
Bean BP., 
Annua 
Beaudoin A 
the ce! 
Biochi. 
Bengtson S 
phyla. 
Signor 
Berman A., 
1993. - 
adaptir 
Berridge V 
Nature 
Berry W.B.; 
explan 
Americ 
BrsCHOFF LI 
at Moi 
1743-1 
Bonner J.T. 

molds. 
Borle A.B., 
Review 
Boynton A 
stimul 
Biophy 
Brasier M.I 
record. 
Brasier MI 
Lin, Ju 
carbon 
bounda 
Magait 
Brock T.D., 
evoluti 

Bulletin de /'In: 



SEP- 11 -2002 11:26 



LINDA HALL LIBRARYL 



816 926 8785 P. 43 



an Research 
t Community 
*ch (Kpmitet 
led financial 
toperation by 
n, Y. Dogan, 
i is gratefully 
. in the early 

> paper could 
; who, in the 
ind provided 

> the German 
ungsfaktoren 



.eus: divalent 
;e chromatin. 

i of inorganic 
dinary air. II. 
tion of active 
577. 

'e Earth. — 
: 1365- 1372. 
— Structural 
es of organic 
11: 127-135. 
xal relations 
ition. — In: 
es. Mann 
esellschaft, 

Uratigraphic 
of the lesser 

g blue-green 
lindrica. — 

role of cells, 
Calcium in 
W.Jr. (eds.) f 

growth. — 

agulation in 
j Scheer B.T. 



Arthur M.A., Schlanger S.O., 1979. — Cretaceous "oceanic anoxic events" 
as casual factor m development of reef-reservoired giant oil fields, — 
American Association of Petroleum Geologists Bulletin, 63: 870-885 

Awramik S.M., Barghorn E.S., 1977. — The Gunflint microbiota.' — 
Precambrian Research, 5: 121-142. 

Awramik S.M, Schopf J.W., Walter MJl, 1983. — Filamentous fossil 
bacteria from Archean of Western Australia. — Precambrian Research, 
20: 357-374. 

Bachra B.N., 1963. — Precipitation of calcium carbonate and phosphates 

from metastable solutions. — Annals of the New York Academy of 

Sciences, 109: 251-255. 
Bajaj Y.P.S., Rasmussen H.P. : Adams M.W., 1971. — Electron-microprobe 

analysts of isolated plant cells. — Journal of Experimental Botany, 22: 

749-752. ■ 

Bean B.P., 1989. — Classes of calcium channels in vertebrate cells — 

Annual Review of Physiology, 51: 367-384. 
Beaudoin A.R., Grondin G., 1991. — Shedding of vesicular material from 

the cell surface of eukaryotic cells: different cellular phenomena — 

Bwchimica ei Biophysica Acta, 1071: 203-219. 
Bengtson S. t COiWAY Morris S., 1992. — Early radiation of biomineralizing 

phyla. — In: Origin and Evolution of the Metazoa. Lipps J.H. and 

Signor P.W. (eds.) Plenum Press Corporation, New York, P. 447-481. 
Berman A., Hanson J., Leiserowitz L., Koetzle T., Weiner S., Addadi L., 

1993. — Biological control of crystal texture: a widespread strategy for 

adapting crystal properties to function. —Science, 259: 776-779. 
BERRiDGE MJ. t 1993. — Inositol trisphosphate and calcium signalling — 

Nature, 361: 315-325. 

Berry W3.N., Wilde P., 1978. — Progressive ventilation of the oceans - an 

explanation for the distribution of the Lower Paleozoic black shales — 

American Journal of Science, 278: 257- 275. 
Bischoff J.L., Herbst D.B., Rosenbauer R.J., 1991. — Gaylussite formation 

at Mono Lake, California. — Geochimica et Cosmochimica Acta, 55- 

1743-1747. 

Bonner J.T., 1971. — Aggregation and differentiation in the cellular slime 

molds. — Annual Review of Microbiology, 25: 78-92. 
Borle A.B., 1981. — Control, modulation and regulation on cell calcium. 

Review of Physiology, Biochemistry and Pharmacology, 90: 14-153. 
Boynton A.L., Whitfield J.F., MacManus J.P., 1980. — Calmodulin 

stimulates DNA synthesis by rat liver cells. — Biochemical and 

Biophysical Research Communications, 95: 746-759. 
Brasier M.D., 1992. — Nutrient-enriched waters and the early skeletal fossil 

record. — Journal of the Geological Society, London, 149: 621-629. 
Brasier M.D,. Magarjtz M., Corfield R., Luo Huhjn, Wu Xiche, Ol^yang 

Lin, Jiang Zhiwen, Hamdi B., He Tinggui, Fraser A.G.. 1990. — The 

carbon- and oxygen-isotope record of the Precambrian-Carnbrian 

boundary interval in China and Iran and their correlation. — Geological 

Magazine, 127: 3 19-332. c 
Brock T.D., 1973. — Lower pH limit for the existence of blue -green algae: 

evolutionary and ecological implications, — Science, 179: 480-483. 



8! '■■ 



rfcial 13(1994) 



Bulletin de llnsmui ocianographique, Monaco, n 6 special 13 (1994) 



101 



SEP- 11 -2002 11:26 



LINDA HALL LIBRPRYL 



816 926 8785 P. 44 



I- 



3 i 



Broecker W.S., Peng T.-H., 1982. — Tracers in the Sea. — El Digio Press, 
Lamont-Doherty Geological Observatory, Palisades, N.Y., 690 p. 

Brown B.E, 1982. — The form and function of metal-containing "granules" 
in invertebrate tissues. — Biological Reviews. 57: 621-667. 

Burger M.M., Misevic G., 1985. — Cell encounter: molecular and biological 
aspects of initial contacts. — In: Cellular and Molecular Control of 
Direct Cell Interactions. Marthy HJ. (ed.), Plenum Publishing Corp., 
New York, p. 3-26. 

Byers C.W., 1977. — Biofacies patterns in euxinic basins: a general model. 

— In: Deep-water Carbonate Environments. Cook H.E. and Enos P. 

(eds.), The Society of Economic Paleontologists and Mineralogists. 

Special Publication , 25 : 5- 1 7. 
Caldeira K„ Kasting J.F, 1992. — Susceptibility of the early Earth to 

irreversible glaciation caused by carbon dioxide clouds. — Nature 359 

226- 228. 

Caldeira K. ( Rampino M.R., Volk T., Zachos J.C, 1990. — 
Biogeochemical modeling at mass extinction boundaries: atmospheric 
carbon dioxide and ocean alkalinity at the K/T boundary, — In- 
Extinction Events in Earth History. Kaufman E.G. and Walliser O.H 
(eds.), Springer-Verlag, Berlin, p. 333-345. 

Campbell A.K., 1983, — Intracellular Calcium - Its Universal Role as a 
Regulator. — John Wiley and Sons Ltd, Chichester, 556 p. 

Carafoli E. : 1987. — Intracellular calcium homeostasis. — Annual Review 
of Biochemistry, 56: 395-433. 

C avalter- S mtth T., 1981. — The origin and early evolution of the eukaryotic 
cell. — Symposia of the Society of General Microbiology, 32: 33-84. 

CHA2 *^ J 1976 ' — Contro1 of colony formation in Coelastrum microporum 

(Chlorococcales, Chlorophyta). — Phycologia, 15: 149- 154. 
Chapman C.R., Morrison D., 1994. — Impacts on the Earth by asteroids and 

comets: assessing the hazard. — Nature, 367: 33-40. 
Chen CP., Lawrence J.M., 1987. — The role of carbonic anhydrase in 
facilitating the transport COi in the tooth of Lytechinus variogaius 
(Ecnmodermata: Echinoidea). — Comparative Biochemistry and 
Physiology, 87A: 327-33 1 . 
Chrost RJL 1978. — Extracellular release in Chlorella vulgaris culture and 
role of bacteria accompanying algae in this process. — Acta 
Microbiologics Polonica, 27: 55-62. 
Cloud P., 1976. — Beginnings of biospheric evolution and their 

biogeochemical consequences. — Paleobiology, 2: 35 1 -387 
Compston W., Pidgeon R.T., 1986. — Jack Hills, evidence of more very old 

zircons in Western Australia. — Nature, 321: 766-769. 
Conway E.J., 1943. — The chemical evolution of the ocean. — Proceedings 

of the Royal Irish Academy, Sect. B, XLVHI: 161-212. 
Cook P Shergold J.H., 1984. — Phosphorus, phosphorites and skeletal 
evolution at the Precambrian/Cambrian boundary. — Nature, 308: 23 1-236. 
Copper R, 1988. — Ecological succession in Phanerozoic reef ecosvstems- is 

it real? — Palaios, 3: 136-152. 
Cotmore J.M., Nichou; JJr., Wlthder R.E., 1971. - Phospholipid calcium 
pnospnate complex: enhanced calcium migration in the presence of 



102 



Bulletin de Vlnsiiiut ocianograpkique, Monaco, n° special 13 (1994) 



1 



pho 

Crenshas 
caii 
min 

DecensE 
dep 

Degens I 
257 

Degens 1 
pan 
Sea 

Degens I 
Ca 21 
Poh 

Derry L. 
and 
and 
131 

DlMROTH 

Phil 

DONACHY 

and 
seas 

Dose K., 
poly 
Biol 
Yorl 

Dziak R. ? 
Joui 

Erwin D.l 

Eugster 
Ken 

Evans W.t 
Gas 
cons 

EXTON J.I 

som- 
Farber J.l . 

128? 
Foerster 

shea 

Trar 
FoxW.W 

orga 

vol. 

New 

Franchi . 
calm 
Tissi 

Bulletin de I 



SEP- 11 -2002 



11:27 



LINDA HALL LIBRARYL 



816 926 8785 P. 45 



El Digio Press, 

690 p. 
ining "granules" 
57. 

'X and biological 
ular Control of 
iblishing Corp., 

general model. 
E. and Enos P. 
Mineralogists, 

: early Earth Co 

— Nature , 359: 

.C, 1990. — 
es: atmospheric 
undary. — In: 
1 Walliser O.H. 

ersal Role as a 
P- 

Amiual Review 

f the eukarvotic 
ogy t 32: 33-84. 
um microporum 
154. 

:y asteroids and 

c anhydrase in 
nus variogaius 
chemistry and 

iris culture and 
cess. — Acta 

ion and their 

587. • 

f more very old 

— Proceedings 

es and skeletal 
£, 308: 231-236. 
■f ecosystems: is 

holipid calcium 
he presence of 

'special 13(1994) 



phosphate. —Nature, 172: 1339-1341. 

Crenshaw M.M., 1982. — Mechanisms of normal biological mineralization of 
calcium carbonates. — In: Biological Mineralization and De- 
moralization. Nancollas G.H. (ed.), Springer Verlag, Berlin, p. 243-257. 

Degens E.T., 1976. — Molecular mechanisms of carbonate, phosphate, and silica 
deposition in the living cell. — Topics in Current Chemistry, 64: 1-112. 

Degens E.T., 1979. — Why do organisms calcify? — Chemical Geolosy, 25: 
257-269 

Degens E.T., Ittekkot V., 1986. — Ca I+ -stress, biological response and 

particle aggregation in the aquatic habitat — Netherlands Journal of 

Sea Research, 20: 1 09- 1 1 6. 
Degens E.T., Kazmierczak J., Ittekkot V., 1985. — Cellular response to 

Ca 2+ -stress and its geological implications. — Acta Palaeontolosica 

Polonica,3Q: 115-135. 
Derry L.A. T Kaufman A.J., Jacobsen SB., 1992. — Sedimentary cycling 

and emoronmental change in the Late Proterozoic: Evidence from "stable 

and radiogenic isotopes. — Geochimica et Cosmochimica Acta, 56* 

1317-1329. 

Dimroth P., 1990. — Mechanisms of sodium transport in bacteria. — 
Philosophical Transactions of the Royal Society of London, B, 326: 465-477. 

Donachy IE., Watabe N., Showman R.M., 1990. — Alkaline phosphatase 
and carbonic anhydrase activity associated with arm regeneration in the 
seastar Aster ias forbesi. — Marine Biology, 105: 471-476. 

Dose K., Rauchfuss H., 1972. — On the elecirophoretic behavior of thermal 
polymers of amino acids. — In: Molecular Evolution: Prebiological and 
Biological. Rohlfing DJL. and Oparin A.I. (eds.), Plenum Press, New 
York, p. 199. 

Dzlak R., Brand J.S. ; 1974. — Calcium transport in isolated bone cells. — 

Journal of Cell Physiology, 84: 74-75. 
Erwin D.R, 1994, — The Permo-Triassic extaction. — Nature, 367: 231-236. 
Eugster H.P., 1969. — Inorganic bedded cherts from the Magadi area, 

Kenya. — Contributions to Mineralogy and Petrology, 22: 1-3 1 . 
Evans W.G., Kling G.W., Tuttle M.L., Tanyileke G., White LJD., 1993. — 

Gas buildup in Lake Nyos, Cameroon: the recharge process and its 

consequences. —Applied Geochemistry , 8: 207-221. 
Exton J.H.,1988. — Mechanism of action of calcium-mobilizing agonists: 

some variations on a young theme. — FASEB Journal, 2: 2670-2676. 
Farber J.L., 1981. — The role of calcium in cell death. — Life Sciences 29 

1289-1295. 

Foerster J.W., 1964. — The use of calcium and magnesium ions to stimulate 
sheaths formation in Oscillatoria limosa (Roth) C.A. Agardh. — 
Transactions of the American Microscopical Society, 83: 420-427. 

Fox W.W., 1968. — Natural polymers: abiotic polymerization and self- 
organization. — In: Encyclopedia of Polymer Science and Technology, 
vol. 9. Mark Hi% Gaylbrd N.G., and Bikales W.M. (eds.), Interscience 
New York, p. 284-291. 

Franchi E,, Camatini M., 1985. — Evidence that a Ca 2 - chelator and a 

calmodulin blocker interfere with the structure of inter-Sertoli junctions 

Tissue and Cell, 17: 13-25. 



Bulletin de Vlnstitut ocianographxque, Monaco, n° special 13 (1994) 



103 



SEP- 11-2002 11:27 



LINDA HALL LIBRRRYL 



816 926 8785 



P. 46 



v: .i 



•1 K A 



Friebele E.S., Correl D.L., Faust M.A., 1978. — Relationship between 
plankton size and the rate of orthophosphate uptake: in situ observations 
of an estuarine population. — Marine Biology, 45: 39-52. 
Ffcv B., Jannasch H.W, Molyneaux SJ., Wirsen CO, Muramoto J A., King S., 
1991 . — Stable isotope studies of the carbon, nitrogen and sulfur cycles in the 
Black Sea and the Cariaco Trench. — Deep-Sea Research, 38: 1003-1019. 
FOrsich F.T., 1979. — Genesis, environments, and ecology of Jurassic 
hardgrounds. — Neues Jahrbuch fur Geologie und Palaontologie, 
Abhandlungen, 158: 1-63. 
Gabel N.W., 1990. — A realistic chemical basis for the origin of life — 

Evolutionary Theory, 9: 181-209. 
Gal V., Martin S., Bayley P., 1988. — Fast disassembly of microtubule 
induced by Mg 2 + and Ca 2 *. — Biochemical and Biophysical Research 
Communications, 155: 1464-1470. 
Garrels RJvL, Mackenzie F.T., 1967. — Origin of the chemical composition of 
some springs and lakes. — In: Equilibrium Concepts in Natural Water 
Systems. American Chemical Society Advances in Chemistry, 67: 222-242. ' 
Garrels R.M., Mackenzie F.T., 1971. — Evolution of Sedimentary Rocks. 

— W.W. Norton and Comp. Inc., New York, 397 p. 
Gerloff G.C., Fishbeck LA., 1969. — Quantitative cation requirements of 
several green and blue-green algae. — Journal ofPhycology, 5: 109-1 14. 
Gilula N., Epstein Mi., 1976. — Ceil-to-cell communication, gap junction and 
calcium. — Symposia of the Society of Experimental Biology, 30: 257-272. 
Golubic S., 1973. — The relationship between blue-green algae and carbonate 
deposits. — In: The Biology of Blue-Green Algae. Carr N.G. and Whitton 
B.A. (eds.), BlackweH, Oxford, p. 434-472. 
Goodwin B.C., 1989.— Unicellular morphogenesis. — In: Cell Shape. Stein 
W.D. and Brenner F. (eds.), Academic Press, San Diego, p. 365-391. 
Goodwin B.C., Trainor L.E.H., 1985. — Tip and whorl morphogenesis in 
Acetabularia by calcium-regulated strain fields. — Journal of Theoretical 
Biology, 117: 79-106. 
Goyet C, Bradshaw AJL, Brewer RG M 1991. — The carbonate system in the 

Black Sea. — Deep-Sea Research, 38: 1049-1068. 
Graciansky P.C. de, Deroo G., Herbin J.P., Montadert L., MOller C, 
Schaaf A„ Sigal J., 1984. — Ocean-wide stagnation episode in the T ^ 
Cretaceous. — Nature, 308 : 346-349. 
Grotzinger LP., 1989. — Facies and evolution of Precambrian carbonate 
depositional systems: emergence of the modern platform archetype. — 
The Society of Economic Paleontologists and Mineralogists Special 
Publications, 44: 79-106. 
Grotzinger LP., 1990..— Geochemical model for Proterozoic stromatolite 
decline. —In: Proterozoic Evolution and Environments. Knoll A.H. and 
Ostrom J.H. (eds.), American Journal of Science (Special volume 
dedicated to the memory of RE. Cloud), 290-A: 80-104. 
Gruszczynski M., 1986. — Hardgrounds and ecological succession in the 
light of early diagenesis (Jurassic," Holy Cross Mts., Poland). — Acta 
Palaeontologica Polonica, 31: 163-212. * 
Gruszczynski M., Coleman M., Kazmierczak J., Goldring R., Isaacs 
M.C, 1994. — Origin of hardgrounds: a step of understanding. — 



Sedin. 

Hagiwara 
inwar 
Journ 

Halstead 
miner 

HanT.-M.. 
year-c 

Harrison I 
morp) 
Journ 

Hart M. I 
Icaru. 

Hay WW, 
drift 
Rund: 

HellmanE 
IV. E 
into d 
483-4 

Henderso* 1 
atmos 
Astrot 

Hepler P.l 
CytoL 

Herbst C 
Gewe 
mechc 

Herman Y. 
and II 
(eds.) 

Hoffman 
intent 
world 

Hofmann 1 
signif 

Hofmann : 
Paleo; 
and N 

Hofmann I 
Odjic 
north 
1781- 

Holland P. 
solve 

Holland I 
Ocear 

Holm N.G. 
Life.- 



104 



Bulletin de VInstitut ocianographique. Monaco, n° special 13 (1994) 



Bulletin de 11 



SEP-1 1-2002 11:27 



LINDA HALL LIBRRRYL 



816 926 8785 



P. 47 



ons hip between 
;itu observations 

)to J.A. ? King S., 
ulrur cycles in the 
38: 1003-1019. 
Dgy of Jurassic 
Paldonwlogie, 

rigin of life. — 

of microtubule 
ysical Research 

d composition of 
q Natural Water 
try, 67: 222-242. 
tmentary Rocks. 

requirements of 
ogy,5: 109-114. 
gap junction and 
>gy, 30: 257-272. 
le and carbonate 
f.G, and Whitton 

'ell Shape. Stein 
go, p. 365-391. 
orphogenesis in 
2I of Theoretical 

ite system in the 

L., Muller C, 
sode in the Late 

brian carbonate 
n archetype. — 
logists Special 

oic stromatolite 
Knoll A.H. and 
ipecial volume 

accession in the 
:>land). — Acta 

ing R., Isaacs 
lerstanding. — 

3 special 13 (1994) 



Sedimentology (in press). 
K^giwara S., Ozawa S., Sand O., 1975. — Voltage clamp analysis of two 

inward current mechanisms in the egg cell membrane of a starfish. — 

Journal of General Physiology, 65: 617-644. 
HaLSTEAD L,B., 1969. — Are mitochondria directly involved in biological 

rnineralization? — Calcified Tissue Research, 3: 103-104. 
Han T.-M., Runnegar B., 1 992. — Megascopic eukaryouc algae mom 2.1-billion- 

year-old Negaunee Iron-Formarion, Michigan. — Science, 257: 232-235. 
Harrison L.G., Hiller N.A., 1985. — Quantitative control of Acetabulars 

morphogenesis by extracellular calcium: A test of kinetic theory. — 

Journal of Theoretical Biology. 114: 177-192. 
Hart M. H., 1978. — The evolution of the atmosphere of the Earth. — 

Icarus, 33: 23-39. 

Hay W.W., Barron E.J., Sloan n J.L., Southam J.R., 1981. — Continental 
drift and the global pattern of sedimentation. — Geologische 
Rundschau, 70:302-315 

Hellman B., Anderson T., 1978. — Calcium and pancreatic fi-cell function. 
IV. Evidence that glucose and phosphate stimulate ^Ca incorporation 
into different intracellular.pools. — Biochimica et Biophvsica Acta, 541: 
483-491. 

Henderson-Sellers A., Benlow A., Meadows AJ. f 1980. — The early 

atmospheres of the terrestrial planets. — Quarterly Journal of the Royal 

Astronomical Society, 21: 74-81 . 
Hepler P.K., 1992. — Calcium and mitosis. — International Review of 

Cytology, 138: 239-268. 
Herbst C, 1900. — Uber das Auseinandergehen von Furchungs- und 

Gewebezellen in katkfreiem Medium. — Archiv fur Entwicklungs 

mechanic 9: 424-463. 
Herman Y., 1979. — Plankton distribution in the past. — In; Zoogeography 

and Diversity of Plankton. Van der Spoel S. and Pierrot-Bults A.C. 

(eds.), Bunge Scientific Publishing, Utrecht, p. 29-49. 
Hoffman a., Gruszczynski M., Makowski K., 1991, — On the 

interrelationship between temporal trends in 8 13 C § ll O, and S^S in the 

world ocean. — Journal of Geology, 99: 355-370. 
Hofmann HJ., 1976. — Precambrian microflora, Belcher Island, Canada: 

significance and systematics. — Journal of Paleontology , 50: 1040-1073. 
Hofmann HJ., 1985. — Precambrian carbonaceous megafossils. — In: 

Paleoalgology: Contemporary Research and Applications. Toomey D.E 

and Nitecki M.H. (eds.), Springer- Veriag, Berlin, p. 20-33. 
Hofmann H.J., Grotzinger J.P., 1985. — Shelf-facies microbiota from the 

Odjick and Rocknest Formations (Epwonh Group; 1,89 Ga), 

northwestern Canada. — Canadian Journal of Earth Sciences. 22: 

1781-1792. 

Holland H.D., 1972. — The geologic history of seawater - An attempt to 
solve the problem. — Geochimica et Cosmochimica Acta, 36: 637-651. 

Holland H.D., 1984. — The Chemical Evolution of the Atmosphere and 
Oceans. — Princeton University Press, Princeton, 582 p. 

Holm N.G. (ed.), 1992. — Marine Hydrothermal Systems and the Origin of 
Life. — Origins of Life (Special Issue), 22: 1-242 



Bulletin de I'fnstitu: oceanographique, Monaco, n° special 13 (1994) 



105 



SEP-11-2002 11:28 LINDA HALL LIBRARYL 



816 926 8785 P. 48 



Holmer L.E., 1983. _ Lower Viruan discontinuity surfaces in central Sweden. 
— Geologiska Foreningens i Stockholm Forhandlingar, 105: 29-42: 

Holser W.T, 1984. — Gradual and ahrupt shifts in ocean chemistry during 
Phanerozoic time. — In: Patterns of Change in Earth Evolution. Holland 
H.D. and Trendall £.F. (eds.), Dahlem Konferenzen, Springer- Verlap 
Berlin, p. 123-143. ■■ ^ 

Holser W.T., Magarttz M., 1987. - Events near the Permian-Triassic 
boundary. —Modem Geology, 11: 155-180. 

Holtfreter J. t 1943. — Properties and functions of the surface coat in 
amphibian embryos. — Journal of Experimental Zoology, 93' 251-323 

Hunter G.K., Houviyard D.P., Prttzker K.P.H., 1993. — Calcification of 
chick vertebral chondrocytes grown in agarose gels: a biochemical and 
ultrastructural study. — Journal of Cell Science, 104: 1031-1038 

Hurley P.M., »JJD IR.. 1969. - Pre-drift continental nuclei. _ Science] 

Hltcrtnson G.E., 1961. - The biologist poses some problems. - In: 

Oceanography. Sears M. (ed.), American Association for the 

Advancement of Science, Publication, 67: 85-93. 
Jaanuso> r V 1961. — Discontinuity surfaces in limestones. — Bulletin of 

the Geological Institute University of Uppsala, 40: 221-241 . 
Jan L.Y., Jan Y.N., 1989. — Voltage-sensitive ion channels. — Cell, 56: 13-25. 
Jenkins G.S., 1993. — A general circulation model study of the effects of 

taster rotation rate, enhanced CO2 concentration, and reduced solar 

forcing: implications for the faint young sun paradox. — Journal of 

Geophysical Research, 98: 20803-2081 1 . 
Jenkyns H.C., 1980 — Cretaceous anoxic events: from continents to oceans. 

— Journal of the Geological Society of London, 137: 171-188 
Jenkyns H.C., 1988. - The early Toarcian (Jurassic) anoxic event- 

stratigraphic, sedimentary* and geochemical evidence. — American 

Journal of Science, 288: 101-151. 
Jones A R 1969. — Mitochondria, calcification, and waste disposal — 

Calcified Tissue Research, 3: 363-365. 
Kakuta S., Golub E.E., Shapiro I.M., 1985. — Morphochemical analvsis of 

phosphorous pools in calcifying cartilage. — Calcified Tissue 
International, 37: 293-299. 

Kasting JJ? 1985. — Photochemical consequences of enhanced CO* levels 
m Earth s early atmosphere. — In: The Carbon Cycle and Atmospheric 
u Vamtions Aichean to Present. Sundquist E.T. and 

tfroecker W.S. (eds.) f Geophysical Monographs, 32: 612-622. 

Kasting J.F., 1987. — Theoretical constraints on oxvgen and carbon dioxide 
concentrations in the Precambrian atmosphere. — Precambrian 
Research, 34: 205-229. 

Kaz.vierczak J., 1976. — Devonian and modern relatives of the Precambrian 

39 50 6ra: P ° SSlble si £™ ficance for ^ e eari ) f eukaryotes. —Lethaia, 9: 

Kazmd^czak J., Degens E.T., 1986. - Calcium and the early eukary otes - 
Mitteilungen aus dem Geologisch-Palaontologischen Institut der 
Umversitat Hamburg, 61: 1-20. 

Kazmierczak J m Kempe S., 1990. - Modern cyanobacterial analogs of 



106 



Bulletin de C Institut ocianographique, Monaco, n° special 13 (1994) 



Paleo; 
Kazmiercz/ 
PaleOi 
294-3t 
Kazmiercz/ 
the U 
Polon. 
Kazmiercz,' 
time: 
Palao. 
Kemp N.E., 
scales 
Kempe S. ; 
Geocr. 
dem C 
47: 12 
Kempe S., 
Cycle. 
Repor 
Kempe S., 
shallo 
Kempe S., 
Geolo. 
Kempe S., ¥. 
the foj 
Bioge« 
(eds.) : 
Spring 
Kempe S.,K 
linke< 
Precai 
Kempe S., 
Hydro 
Kempe S. ; K 
its bee 
Modei 
(ed.), 
Arling 
Kempe S.. I 
1991. 
— Na 
Kingsley 
calcifi 
Expert 
Knoll A,R 
' In: Bi 
Teves; 
Newl 
Knoll A.H 
265: 6 

Bulletin de I'h 



SEP-1 1-2002 11:28 



i central Sweden. 
>ar t 105; 29-42. 
;hemistry during 
•oiution. Holland 
Springer- Verlag, 

"ermian -Trias sic 

surface coat in 
gy ; 93:251-323. 
Calcification of 
biochemical and 
04: 1031-1038. 
-lei. — Science, 

roblems. — In: 
iation for the 

— Bulletin of 
241. 

Cell, 56: 13-25. 
:>f the effects of 
d reduced solar 
. — Journal of 

nents to oceans. 
1-188. 

anoxic event: 
5. — American 

;te disposal. — 

nical analysis of 
ilc if led Tissue 

need CO2 levels 
nd Atmospheric 
quist E.T. and 
-622. 

carbon dioxide 
* Precambrian 

he Precambrian 
>. — Lethaia, 9: 

/ eukaryotes. — 
en Institut der 

rial analogs of 



LINDA HALL LIBRARYL 



816 926 8785 P. 49 



Paleozoic stromatoporoids. — Science, 250: 1244-1248. 
Kazmkrczak J. s Kempe S. t 1992. — Recent cyanobacterial counterparts of 
Paleozoic Wetheredella and related problematic fossils. — Palaios 7* 
294-304. 

Kazmierczak J., Pszczokowskj A., 1968. — Sedimentary discontinuities in 
the Lower Kimmeridgian of the Holy Cross Mis. — Acta Geolosica 
Polonica, 18: 587-612. * 

Kazmierczak J., Ittekkot V., Degens E.T. 1985. — Biocakification through 
time: environmental challenge and cellular response. — 
Palaontologische Zeitschrift, 59: 15-33. 

Kemp N.E., 1984. — Organic matrices and mineral crystallites in vertebrate 
scales, teeth and skeletons. —American Zoologist, 24: 956-976. 

Kempe S., 1977. — Hydrographie, Warven-Chronologie und organische 
Geochemie des Van Sees, Ost Tiirkei. — Ph.D. Thesis, Mitteilungen aus 
dem Geologisch-Palaontologischen Institut der Universitat Hamburg 
47: 123-208. 

Kempe S, 1979. — Carbon in the rock cycle. — In: The Global Carbon 
Cycle. Bolin B. f Degens E.T., Kempe S., and Ketner P. (eds,), SCOPE 
Report 13, Wiley & Sons, Chichester, p. 343-377. 
Kempe S., 1990. — Alkalinity: The link between anaerobic basins and 

shallow water carbonates? — Naturwissenschaften, 77: 426-427. 
Kempe S., Degens E.T., 1985. — An early soda ocean? — Chemical 

Geology, 53:95-108. 
Kempe S„ Kazmierczak L, 1990a. — Calcium carbonate supersaturation and 
the formation of in situ calcified stromatolites. — In: Facets of Modem 
Biogeochemistry. Ittekkot V.A., Kempe S., Michaelis W. f and Spitzy A. 
(eds.), Festschrift for E.T. Degens on occasion of his 60th birthday 
Springer- Veriag, Berlin, Heidelberg, New York, p. 255-278. 
Kempe S„ Kazmierczak J., 1990b. — Chemistry and stromatolites of the sea- 
hnked Satonda Crater Lake, Indonesia: A recent model for the 
Precambrian sea? — Chemical Geology, 81: 299-310. 
Kempe S., Kazmzerczak J., 1993. — Satonda Crater Lake, Indonesia: 

Hydrogeochemistry and biocarbonates. — Fades, 28: 1-32. 
Kempe S., Kazmierczak J. f Degens E.T, 1989. — The soda ocean concept and 
its bearing on biotic and crustal evolution. — In: Origin, Evolution and 
Modem Aspects of Biornineralization in Plants and Animals. Crick, RJL 
(ed.), Proceedings 5th International Sjiriposium on Bio-mineralization. 
Arlington, Texas, May, 1986, Plenum Press, New York: 29^3. 
Kempe S., Kazmierczak J., Landmann G., Konuk T, Reimer A., Lipp A., 
1991. — Largest known microbialites discovered in Lake Van Turkev' 
— Nature, 349: 605-608. 
Kings ley RJ., Watabe N., 1987. — Role of carbonic anhydrase in 
calcification in the gorgonian Leptogorgia virgulata. — The Journal of 
Experimental Zoology ',241: 11 1-180. 
Knoll 4.H., 1983, — Biological interactions and Precambrian eukaryotes. — 
In: Biotic Interactions in Recent and Fossil Benthic Communities 
Tevesz MJ.S. and McCall PL. (eds.), Plenum Publishing Corporation 
New York, p. 251-283. 

Knoll A.H., 1991. — End of the Proterozoic eon. — Scientific American, 
265: 65-73. 



- sp£ciaJ 13 (1994) 



Bulletin de I' Institut ocianographique, Monaco, n° special 13 (1994) 



107 



SEP- 11 -2002 11:28 



LINDA HALL LIBRARYL 



816 926 8785 P. 50 



Knoll A.H., Hayes J.M.. Kaufman A.J., Swett K., Lambert LB 1986 — 
Secular vanation m carbon isotope ratios from the Upper Proterozoic 
successions of Svalbard and East Greenland. — Nature 321 83^-838 

Koerschner HI WF. 9 Read J.F., 1989. - Field and modelling studies of 
6^687° ° CyClCS - ~~ Journal of Sedimentary Petrology, 59: 

Kondratye v K . Ya . , Moskalenko N.I. 1984. - The role of carbon dioxide 
and other minor gaseous components and aerosols in the radiation 
budget. — In: The Global Climate. Houghton JT. red.). Cambridge 
University Press, London: 225-233. * S 

Kostyuk P.K., 1989 - Diversity of calcium in channels in cellular 
membranes. — Neuroscience. 28: 253-261. 

Kovac L., Griac R, Klobucnikova V, Sulo P., 1989. — Transfer of isolated 
organelles into cells: an experimental approach to the evolutionary 
origin of cell organelles. — Origins of Life, 19 4^6-437 

Kratz W. : Meyrs J. t 1955. - Nutrition and growth of several blue-green 
algae. — American Journal of Botany. 42: 282- 287 

Kretsfnger R.R, 1977a. - Why does calcium play an informational role 
St Ph^ !°S lcal systems? _ In:. Metal-Ligand Interactions in 
Organic Chemistry and Biochemistry (9rh Jerusalem Symposium), part 

h^S^S!^ R (eds " x * Lidel ™ Sg Co ^ 

Kretsinger R.H., 1977b. - Evolution of the informational role of calcium in 
eukaryotes. — /^: Calcium Binding Proteins and Calcium Function. 

Id wTpi"^ *^°A A '> R.H., MacLennnan DJL, 

and Siegel F.L. (eds.), North Holland Publishers, New York, p 6^-72 
Kretsinger R H;, 1983. - A comparison of the roles of calcium in 
biommeralrzation and in cytosoling signalling. - In: Biomineralization 
? a < £ lo &°*\¥ etal Accumulation. Westbroek P. and De Jong EW 
(eds), D. Reidel Publishing Co. , Dordrecht, p. 1 23- 1 3 1 " ' 

Kroll R.G.,-1990. — Alkalophiles. —/«:' Microbiology of Extreme 
Kevne^^ 55-92 '^^ C ' ^ ° P ™ Universit >' Press > Milt ™ 

Kr0n ^ l Ii A - * 984 * - Evolution, growth and stabilization of the Precambrian 

Iithosphere. — Physics and Chemistry of the Earth, 15: 69-106 
Krumbhn W E, 1979. - Calcification by bacteria and algae' - In- 

Biogeochemical Cycling of Mineral-Forming. Elements. Trudinger P \ 

and Swam D J. (eds.), Elsevier, Amsterdam, p. 47-68 
Kuhn W.R., Kasting J.F., 1983. - The effects of increasd CO, 

TovTiss 0 ™ ° n SUrface ^I*"*"* of the early Earth.'— Nature, 

' ^° AS G ". 1 t 61 - - Calcium and strontium as micronutnents and 
morphogenetic factors for Scenedesmus. — Phycologia, 6: 201- 210 
Lane C.E., 1968. — Coelenterata: chemical aspects of ecology 
phamiapology and toxicology. _ In: Chemical Zoology: vol. 7. Florkiri 
and Sch eer B-T. (eds.), Academic Press ; New York, p. 263-284 
Lanyi J.K 1979. _ The role of Nr in transport processes of bacterial 
membranes. — Biochimica et Biophysica Acta 559 377-397 

LASH °/m?;c A n A , HUJ f ?f ' 199 °- - Rdadve c °ntribution of greenhouse gas 
emissions to global warming. — Nature. 344: 529-53 1 . 



10S 



Bulletin de I'lnsriiw ocianographique . Monaco, n° special 13 (1994) 



LEAVTTT J 

froi 
Lee S.Y, 
sidJ 
Plei 
Lehninc 
pho 
Bio 
D.l 

LlNDGRE 

Rip 
Cot 

LOWENST. 

Pha 

LOWENST 

112 

LO WENS! 

Uni 

MacCal 
tiss 

Magarh 
fauj 

Magarh 
A.l 
isot 
and 

Maisonn 

Mann B. 
as ; 

Mann S. 
Ch< 
We; 

Mann S. 
Me 
org 
261 

Margul: 
Fra 

Marme . 
Ber 

Matsumc 
tern 

McCor* 
ext< 
Bio 

McKerr- 
cor 
Lor. 



Bulletin de 



SEP- 11 -2002 11:29 



LINDA HALL LIBRARYL 



816 926 8785 



P. 51 



LB., 1986. — 
sr Proterozoic 
321: 832-838. 
ing studies of 
Petrology, 59: 

arbon dioxide 
the radiation 
).. Cambridge 

s in cellular 

fer of isolated 
evolutionary 

al blue-green 

mational role 
teractions in 
posium), part 
ng Company, 

of calcium in 
tm Function, 
snnnan D.H., 
<rk, p. 63-72. 

calcium in 
lineralization 
•e Jong E.W. 

of Extreme 
ess, Milton 

Precambrian 
106. 

Igae. — In: 
udinger RA. 

:reasd CO: 
. — Nature, 

ucrieats and 
5: 201- 210. 
if ecology, 
•1. 7. Florkui 
p. 263-284. 
of bacterial 
7. 

enhouse gas 



:cial 13 (1994) 



Leavitt S.W.. 1982. — Annual volcanic carbon dioxide emission: an estimate 

from eruption chronologies. — Environmental Geology, 4: 15-21. 
Lee S.Y., Brown R.MJr. r 1987. — Experimental cell fusion with selected 

siphonocladalean algal cells. — In: Cell Fusion. Sowers A.E. (ed.), 

Plenum Pubhshing Corp., New York, p. 167-178. 
Lehninger A.L., 1983. — The possible role of mitochondria and 

phosphocitrate in biological calcification. — In: Biomineralizarion and 

Biological Metal Accumulation. Westbroek P. and De Jong E.W. (eds.). 

D. Reidel Publishing Co., Dordrecht, p. 107- 1 2 1 . 
Likdgren S„ 1982. — Algal coenobia and leiospheres from the Upper 

Riphean of the Turukhansk region, eastern Siberia. — Stockholm 

Contributions to Geology, 38: 1-20. 
Lowenstam H., Margulis L., 1980. — Evolutionary prerequisites for earlv 

Phanerozoic calcareous skeletons. — BioSystems, 12: 27-41 . 
Lowenstam H.A., 1981. — Minerals formed by organisms. — Science, 21V 

1126-1131. 

Lowenstam H.A. ; Weiner S., 1989. — On Biomineralization. — Oxford 

University Press, Oxford, 324 p. 
MacCallum A.B., 1926. — The paleochemistrv of the body fluids and 

tissues. — Physiological Review, 6: 316-357. * 
Magaritz M., 1989. — 5 13 C minima follow extinction events: A clue to 

faunal radiation. — Geology, 17: 337-340. 
Magaritz M., Kirschvink J., Latham A.J., Zhuravlev A.Yu., Rozanov 

A.Yu., 1991. — Precambrian/Cambrian boundary problem: Carbon 

isotope correlations for Vendian and Tommotian time between Siberia 

and Morocco. — Geology, 19: 847-850. 
. Maisonnueve J., 1982. — The composition of the Precambrian ocean waters. 

— Sedimentary Geology, 31: 1-11. 
Mann B., Hannington J.R, Williams R.J.P., 1986. — Phospholipid vesicles 

as a model system for biomineralization. — Nature, 324: 565-567. 
Mann S., Webb I, Williams R.LP. (eds.), 1989. — Biomineralization - 

Chemical and Biomineral Perspectives. — VCH Verlagsgesellschaft, 

Weinheim, 541 p. 

Mann S., Archibald D.D., Didymus J.M., Douglas T„ Heywood B.R., 
Meldrum F,C. ; Reeves N.J., 1993. — Crystallization at inorganic- 
organic interfaces: biominerals and biomimetic synthesis. — Science, 
261: 1286-1292. 

Margulis L., 1981. — Symbiosis and Cell Evolution. — Freeman, San 
Francisco, 419 p. 

MarmE D., 1985. — Calcium and Cell Phvsiolosy. — Springer-Verlae' 

Berlin, 390 p. & 
Matsumoto H., Takyu T. s 1986. — Effect of calcium on the structure and 

template activity of pea chromatin. — Plant Cell Physiology, 27: 293-302. 
McCoNACHtE D.R., O t Day D.H., 1986. — The immediate induction of 

extensive cell fusion by Ca 3 * addition in Dictyostelium discoideum. — 

Biochemistry and Cell Biology, 64: 1281-1287. 
McKerrow W.S., Scotese C.R., Brasier M.D., 1992. — Early Cambrian 

continental reconstruction. — Journal of the Geological Society 

London, 149: 599-606. 



B ulletin de V Inswut oceanographique, Monaco, n c special 13(3 994) 109 



SEP-11-2002 11:29 LINDA HALL LIBRPRYL 



816 926 8785 P. 52 

J 



ME "Sh£' '^.^r^f* lakes: a c <^P^tive Umnological 

Ss-So." ~~ S - HanUner U ' T - (ed ) ' Junk - 71,6 H S»: 

^m^b™e^ T - I987 " - Pathwa y s of influx * *e plasma 
SZiT ^ gC ' rec ?P tor -- the second messenger-operated 
channels. — Experimental Cell Research, 171: 27 1-2&3 u P craiea 

- ^nT" ~ C ^ ciu ?- de P eDdent -eoqmie system 

active at cellular membranes? - Federation of American Societies hr 
experimental Biology Journal, 1: 1 10-1 15 aocjer/aj/or 

M ° C XS^hJ ID r L 2- V.A., 1993. - Neoproterozoic 

Muk^otT t^naka K.. Hatanaka M, Muukami T.. 1981. - Intracellular 
,„hJ P !r teaSe (calpain) and its high-molecular weight 
S fSKX. OT (C3lpaStatin) - ~A*«nces I Enzyme Region, 

MUSC e ^oT L w m2 - - Establish ™n« of photosynthetic eukaryotes as 

endosymbionte m ammal cells. - In: On the Origins of oKSSs? 

Schiff J.A. (ed), Elsevier/North Holland, New YorkT 77-92 P 
Newell N.D., 1971. _ An outline history of tropical organic reefs - 

American Museum Novitates, 2465, 37p. organic reers. 

Nicaise B., Maggio K . Thrion S, Horo^an M., Keicher E., 1992 - The 
of secretory granules. A possible key event in stimuli 

secretion couplmg. — Biology of the Cell, 75- 89-99 

"Zril' COLEMA ? J - R " 1977 - ~ Ca l"um-ri C h retractile granules in 

P>' n f° r T/ nd P° ssible role *> A" intracellular io£ 
regulation.— Journal of Cell Science, 24: 311-325 

Nowycky M.C Fox A.P., Tsien R.W., 1985. - Three types of neuronal 

^^sLTuTswl* nmrill0n ° f ^ - of Plant 

^clmS^f V., 1979. - Enhanced CO, greenhouse to 

SSSS^ S luminosity on early Earth. -Mow, 277° 

?AtE ef ^i-Ssr ° rigin ° f ^ ~ facing up to the physical settin 8- ~ Ce/Z > 

PAPAHAproK)Lix)s D., Nm S .. DOzgOnes N., 1 990. - Molecular mechanisms 

SSKS SST fasfon - - *— ***-»^ 

^B?™ w ^ R - \ 986 - - Calcification in cyanobacteria. - In- 
isSonlS/v^v 1 Si"? and Attima ^ < The Syitematic 

P * 3M SSi5^ a 2 E - I . 1986 - - Extral -V s osomal protein degradation. - 
Annual Review in Biochemistry, 55- 455-481 

PRatt B.R., 1992. -Peritidal carbonates. -/„: Facies Models: Response to 



no 



Bulletin de I'lnsrimi octanographique, Monaco , n° special 13 (1994) 



Sea Le* 
Associa 

Prusch R.D., 
Amoebc 
Tissue h 

Putney J.W. 
Calciun 

Reimer A., L 
seiner 2 
395/2-1 

Riding R„ 19 

Rieger R.M., 
the occ 
zoologu 

Rogers J.J.V 
yariati* 
Geoche 
p. 25-3$ 

Romer A.S., 
York Ac 

Ronov A.B., 
the com 

Rose A.H., 
Saccha 
Adhesic 
Springe 

Ross A., Bort 
296-43^ 

Rozaxov A." 
— Epis. 

RUNNEGAR E 

biochen 
Palaeot 

Salhani N., ' 
R.H., E 
synthe 
interkin 

Sasaki Y., I 
Biocher, 

Schanne FA 
dependf 
206': 70) 

SCHIDLOWSKI 

isotope 
. Greenla 

Geochii 
Schopf J.W. 

Americt 
Schopf J.W., 



Bulletin de dns 



SEP-11- 2002 1V ' 32 



onological 
he Hague: 

he plasma 
•-operated 

ne system 
cieties for 

roterozoic 
jcutia. — 

tracellular 
tr weight 

ryotes as 
oroplasts. 

reefs. — 

I — The 
stimulus- 

inules in 
ular ion- 

neuronal 
. Nature, 

of Plant 

Jiouseto 
«r*,277: 

— Cri/, 

danisms 
tics and 

:. — /«: 
tematic 

ding R. 
affinity- 
.tion. — 
>onseto 

.5(1994) 



LINDA HRLL LIBRARYL 



nu Walker R G and James Ni>. (eds.), Geological 
Sea Level Change, walker k.u. ™ 

395/2-1 to 2-4, Hamburg,^ P- IP 359. l3 . 14 . 

Riding R., 1992. - The algdbreath of Wfc^ ^ ^ ^ 

the occurrence of spicule s "\ • ^jcfongs, 13: 207-278. 
Geochemistry. Wmdley B.F., N«jw 

P ff 1963 -The "^history" "of bone. -Annals of** New 
^AacS of Sciences 109^68-^ rf ^ ^ 

ronov A.B., 1968. - Probfe 10: ^3. 

R ° N the course of geologic dme. - - Sedimen 0 © - floccula non by 

t, _ a u 1984 — Physiology of ceil a SB«* __ /n: Microbial 
™\ K *cteZyces c^^^SS'y^JLC. (e«. 
Adhesion and Aggregation (Pahgn 



Adhesion and AgS^"" ^,,5 

Springex-Ve^g, P* ' "V**** * 
Ross A., Boron WJ.,lV»i- 

296-434. _ .^„„ r„ m hrian boundary in Siberia. 



— Yu 1984.- The Precambrian-Canibrian boundary in Siberia. 

-Vd^'991 20 ? Precambrian oxygea leveis 
^SSs^aid physiology tSffiSZ& 

SalHANI N., VENKEN J., ZlMMERMAKN U WAM> » g5 _ Haer nc-globlB 

S Th Balls M.. Cocking EX.. ^ j .a. field . ind uced 
^thesis and «U wa H rejenejanon y ^ 
LrUngdomhe^ ^ cell piolgj-^ 



American, 239: 85-102. r i Arrhean At: 

Schopf I.W., 1993. 



111 



SEP- 11 -2002 11:30 



LINDP HALL LIBRPRYL 



816 926 8785 P. 54 



■ P. 



if 



'3i 



evidence of the antiquity of life. — Science, 260: 640-646 
Schopf J.W., Packer B.M., 1987. - Early Archean (3.3-billion to 3 5- 

SaK 7£^2£t- ~ H?* °J WatCr ^ ite c ™ ents fOT ^ Taupo 
(New Zeland) — /«.- Dissolved Loads of Rivers and Surface Water 
Quantity/Quality Relationships. Proceeding I.aS SympoJum 
Hamburg Aug. 1983, International Association ofHy^oScal 
Sciences, Publication 141: 277-297 "yuruiogicat 

SHACKLrroN N.J., Hall M.A., 1984. - Carbon isotope data from leg 74 
sediments In: Initial reports of the Deep Sea Drulmg Projec? Moore 
5S^?S7Sa ( ^ U ^vernme„t g PrmS 

S ™^Zn e «^ 

SKES f»d- WHE f LER A P - 1983. _ A systematic approach to some 
fundamental questions of carbonate calcification - Tn 
Biomineralization and Biological Metal Accumulation Westbroek P 
and de Jong E. W. (eds.), D. Riedel, Dordrecht, p. 285-289 WeStbr0ek R 

e^XE^dS 1 - r 98 °- 7£l Cification * coccolithophorids: 
enects oi pH and Sr. — Journal ofPkycology, 16: 433-436 

Z h 197 v ~ CeUalar of calcification. -/„: The Mechanisms 

of Mmerahzauon m the Invertebrates and Plants. Watabe N andwZ 

SoJ?£ (< Sm m T lty ° f S ° Uth Cai ° lina fteSS ' Co,umbia « M(SSf 

SlMK rt5; i 9 « L r Cal ?c P>' ro P h °sph«e and cellular pollution. - 
r rends m Biochemical Sciences, IV(Apr.): iii-v. 

Simkiss K.. 1989. — Biomineralization in the context of geological time — 
Transactions of the Royal Society of Edinburgh: Earth^Lc7s 80: 

StMKiss K mason A.Z., 1983 Meal ions: metabolic and toxic effects. - 
Srk p 6 iowS? • H ° ChaChka R (Cd ) ' Academic Prcss ' New 

S ^detoxif£Son 1989 — Mergence of cellular systems of metal 
detoxification.— Marine Environmental Research, 28: 211- 214 

Min™^ 1 - 81 " 1 - K M - 1989 - - Biomineralization. Cell Biology and 

Sm.^S, P T 0n u ~ ACademiC San Die *°' 337 P- 

DtotirfT T Symbl0 f nelic evolution of complex cells and complex 
plasnds. — European Journal of Protistology, 29- 131-143 

^^^S^^g^Hj'^j^^^^jp^^^^^^^^^^^^^^^^p^^ - deration of 

^anYcS'^ P hos P h °™ "Ptake kinetics 

ShydeTwd r,w I tf ,ta ? L -J^«fPhycohgy, 14: 275-284. 
oNYDER WD., Fox S W,. 1975. — A model for the origin of stable Drotocells 

m a prmutive alkaline ocean. -BioSystems, 7: 22? 229 ^ 
Stanley S.M., .1973. - Fossil data and the Precambriao-Cambrian 



112 



Bulletin de I'Institui ocianographique, Monaco, n* special 13 (1994) 



evolut 
Stegmann < 
Zeitsc. 
Steiner M. 
of nev 
"mega 
Berlin 

Stossel T. 
cytopl 
264: 1 

Sulo P. f Gr 
efficie 
Curve} 

Surd am R.< 
Forma 
Amste 

Svensson I 
Calcio 
Ph.D. 
Selbsf 

Swift R, T 
coccol 

121-1: 

Talent J.A 
symbii 
Timofeev B 
146 p. 

Tlmperley : 
sedimt 
Taupo 
Chemi 

Toister Z., 
— Bio 

Towe K.M. t 
record 
781-78 

Tonve KM, 
In: Lit 
Ma.,p 

Trainor F.l 
spine f 

Trump B.F, 
hypo til 

Trump B.F. 
• injury. 
.227-22 

TsffiN\R.W. f 
— Am 

Tucker M. 

Bulletin de Vln 



SEP- 11-2002 11:30 



46. 

5-billion to 3.5- 
<p, Australia. — 

i for Lake Taupo 
1 Surface Water 
S. Symposium, 
f Hydrological 

ata from leg 74 
I Project. Moore 
Printing Office, 

mual Review of 

roach to some 
ition. — I n: 

1. Westbroek P. 
9. 

:oIithophorids: 
■36. 

he Mechanisms 
i N. and Wilbur 
3ia, p. 205-224. 
t- — Calcified 

r pollution. — 

ogical time. — 
1 Sciences, 80: 

3xic effects. — 
uc Press, New 

stems of metal 
11-214. 

I Biology and 
>. 

* and complex 
3. 

'ederation of 

ypean Journal 

ptake kinetics 
, 14: 275-284. 
ible protocells 

in- Cambrian 

•pedal 13 (1994) 



LINDA HALL L I BRftRYL 



816 926 8785 P. 55 



evolutionary transition. — American Journal of Science 216' 56-76 
Stecmann G 1940. — Die Bedeutung der Spurenelemente fur Chlorella ~ 

Zeitschnftfur Botanik, 35: 385-422. 
Sthner M., Ertjtuann B.-D., Junyuan C, 1992. - Preliminary assessment 

of new Late Snuan (Late Proterozoic) large siphonous and filamentous 
megaalgae from eastern Wulingshan, north-central Hunan. China — 

Berliner geomssenschaftliche Abhandlungen (E), 3: 305-319. 
Stossel T P., 1989. — From signal to pseudopod. How cells control 

25* P Sri£ M aSSemUy ' ~ JOUnial °f Biolo & ical Chemistry, 
Sulo P Griac P., Klobucnikova V, Kovac L., 1989. - A method for the 

effiaent transfer of isolated mitochondria into yeast protoplasts — 

Current Genetics, 15: 1-6. 

Surdam R.C, Wray JJL, 1976. - Lacustrine stromatolites, Eocene River 
herniation, Wyoming. — In: Stromatolites. Walter Mi*, (ed.), Elsevier 
Amsterdam, p. 535-541. 

Svensson U., 1992. — Die Losungs- und Abscheidungskinetik naturlicher 
^atnunerale m wassrigen CO>Losungen nahe dem Gleichgewicht. — 

c i I' 1V * Bremen » Fachbereich Geowissenschaften, 

Selbstverlag, Bremen, 113 p. 

Swift R, Taylor WR. 1966. - The effect of P H on the division rate of the 

12^25 ° P Cricos P haera elongata. — Journal of Phycology, 2: 

Talent LA., 1988 — Organic reef-building: episodes of extinction and 
symbiosis. — Senckenbergiana lethaea, 69: 315-368 

™ 0P ^ B '£ 1969 ;~ Proterozoic Sphaeromorphida. - Nauka, Leningrad, 
146 p. (Russian) * 

Timferley M.. Vigor-Brown R.J., 1985. - Weathering of pumice in the 
sediments as a possible source of major ions for the waters of Lake 
Taupo, New Zealand. — /„: Water-Rock Interaction. Kitano Y. (ed ) 
Chemical Geology, Special Issue, 49: 43-52. 

Toister Z. T Loyter A., 1971. — Ca*-induced fusion of avian erythrocytes 
— Bwchimica et Biophysica Acta, 242: 719-724. 

Towe K.M 1971. — Oxygen-collagen priority and the early metazoan fossil 
7?l°-788~ eedmgS oftlle Nalional Academy of Sciences USA, 65: 

Towe K.M 1981. — Biochemical keys to the emergence of complex life — 
Ma 2 ^7-306 UmVerSe ' BiIlingham L {ed) ' mT Press > Cambridge, 

Traenor F.R., 1969. — Scenedesmus morphogenesis. Trace elements and 

spme formation, — Journal ofPhycology, 5: 185-190 
Trump B.F Berezesky I.K., 1985. - Cellular ion regulation and disease: A 

hypothesis. — Current Topics in Membranes and Transport 25* ?79-319 
Trump B.F., Berezesky I.K., 1992. — The role of cytosolic Ca» in cell 

StS^ 10815 ^ ap ° pt0Sis - ~ Current °P inion w Cell Biology, 4: 

Tsen.R.W, Tsien R.Y., 1990. - Calcium channels, stores, and oscillations. 

— Annual Review of Cell Biology, 6: 715-760. 
Tucker M.E., 1989. — Carbon isotopes and Precambrian-Cambrian 



Bultetin de I'lnsittui ccianographique. Monaco, n° special 13 (1994) 



113 



SEP- 11 -2002 11:31 



LINDA HALL LIBRARYL 



816 926 8785 P. 56 



■ ■£ 



ft 

.if 

]| 

: & 



1 



boundary geology, South Australia: ocean basin formation, seawater 
cnemisrry and organic evolution. — Terra Nova, 1: 573-58? 

^I?-^ 1992 - ~ Cambrian-Cambrian boundary-: seawater 
3 cu plati?n and nutrient supply in metazoan evolution, 

SSK* 655^6^^°° ~ Jourml °f the Geological Society 

TUCK BL^ E n c W - MO -f P," 1990 - Carbonate Sedimentology. - 
Blackwell Scientific, Oxford, 482 p ° 

Tucker M.E Wu» ,J.L Crevello P.D., Sarg JJL, Read IF. (eds.), 1990 

/Tr^° na , e / latf0rmS '/ acies ' Se q»"^« and Evolution. - 
mSE » "<?■ As ?? cuz ' lon °f Scientologists, Special Publication 9 
Blackwell Scientific, Oxford, 328 p "^"on 

^fJLYJ^ A w 1984 ' ^ Mcrofbssils from the Precambrian Muhos 

Urey H.C. 1951 — The origin and development of the Earth and other 
terrestrial planets. - Geochimica et Cosmochimica Ac£l: M9-27? 

td e ^ a D T,° N L ' 197? - ~ N-^g-ous proteins of bone 

dSoJiff extracellular matnx and their role in organized mineral 

SSwWl A f > 1U £ B ^ ding Pr0teins 211(1 Calcium Funcli ° n - 

SfeSS? f^o^?t^ ^ e xr Ser RH - ^Leannan D.H., and 
Megel EL. (eds.), North Holland, New York, p. 409-418. 

Vetzer J. 1985 — Carbonates and ancient oceans: isotopic and chemical 
record on tunes scales of 10M0» years. _ In: The Carbon Cycled 

Monographs 32. Sundquist E.T. and Broecker W.S. (eds.), American 
Geophysical Union, Washington, p 595-601 American 

Vm J"r^!T Cl l ^ 3976 -^ ° Sl/ " Sl m P^ambrian carbonates as an index 
of cmstal evolution. - Geochimica et Cosmochimica Acta, 40: 905-915 

^n^wfT S i L .-' I969 - r Basement 311(1 sedimentary recycling and 
continental evolution. — Journal of Geology 87- 342-370 

Vr^Tr G ;L 1989 ^T ^ ° rigin ° f Skelet0nS - ->W4: 585- 589. 
48-57 ~~ • " eufcuyotic ceUs - ~ Scientific American, 250: 

Vidal G 1990. — Giant acanthomorph acritarchs from the Um>er 
Proterozoic in southern Norway. — Palaeontology, 33: 287-298 

i 982 --^ 0 " 5 «* extinctions of plankton in the 
late Proterozoic and early Cambrian. — Nature, 302: 5 1 8-520 

m^ GE,G ^ ^ ' * K artenbeck I, Franke W.W., 1986. - Changes in 
membrane-microfilament interaction in intercellular adherens junctions 
eXfraCelIular Ca * ions - - ^ Jour nJofTelfSogy", 

Macraillan, 



WALI ^' YoA • mi ' ~ Ev ° lution of Atmosphere 



Vux ^£-^^^ " 11,8 - *■ 

WA ^r^hi!n J?? 2 " ~ ^°L ofossiIs Possible microfossiis from the Early 
Archean CWerwacht Group, Barberton Mountain Land, South AfiSa 
— Precambrian Research, 54: 271-293. 



114 



*«/frri>i rfe T //uz/oir ocianographiquE, Monaco, n= spdciaj 1 3 ( 1994) 



■5§ ^ 



Walter 

Walter 
eaj 
Pri 

Wang F 
mi 
Pn 

Warren 
pei 

Wedepc 
Me 
We 

Weiner 
tiss 
Sci 

Weiner; 
ex< 
Ac 
Do 
Wendt J 
of 
81: 

Wheelei 
pla 
trai 

Wheelef 
org 

Wheelei 
bio 
Pei 
Vei 

Wheelef 
of< 
to 1 
871 

Wigley " 
Gee 

Wignal 
Per 
and 
Pal 
Wilbur } 
of] 
(eds 
Wilbur 
con 
Wilbur . 
Mo. 
Pre: 

Bulletin de 



SEP- 11-2002 11:31 



on, seawater 
I 

ry; seawater 
an evolution, 
gical Society 

=ntology. — 

(eds.), 1990. 
solution. — 
ublication 9, 

brian Muhos 
of Finland 

th and other 
1: 209-277, 
teins of bone 
.zed mineral 
ra Function, 
in D.H„ and 

nd chemical 
>n Cycle and 
Geophysical 
■X American 

:s as an index 
40: 905-915. 
cycling and 

I: 585- 589. 
terican, 250: 

the Upper 
298. 

inkton in the 
!0. 

Changes in 
ns junctions 

^ell Biology, 

Macrnillan, 

the Archean 

on the Early 
3Uth Africa. 



cial J 3 (1994) 



LINDA HALL LIBRARYL 



816 926 8785 



P. 57 

J 



Walter MS.,- 1976 (edj. - Stromatolites, - Elsevier, Amsterdam. 790p. 
Walter M.R 1983. — Archean stromatolites: evidence of the Earth's 

earnest benthos. — Earth's Earliest Biosphere. Schopf J.W (ed ) 

Princeton University Press, Princeton, p. 187-213. 
Wang F., 1985 — Middle- Upper Proterozoic and lowest Phanerozoic 

microfossil assemblages from SW China and contiguous areas — 

rrecambrian Research, 29: 33-43. 
Warren P.H., 1989. — Growth of the continental crust: a planetary-mantle 

perspective. — Tectonophysics, 161: 165-1 99. 
Wedepohl K.H., 1963. - Einige Gbcrlcgungco zur Geschichte des 

*%^:m™ M ^ in der Geolosie von Rheinland und 

Weiner S., Addadi L., 1991. - Acidic macromolecules of mineralized 
tissues: the controllers of crystal formation. — Trends in Biochemical 
Sciences, 16: 252-256. 

Weiner S Traub W, Lowenstam H.A., 1983. - Organic matrix in calcified 
exoskeietons. — In: Biomineralization and Biological Metal 

DSSrS? U °&^ tbr ° ek R dC J ° ng RW * (eds0> ' D ' Reide1 ' 
Wendt J 1988. — Condensed carbonate sedimentation in the late Devonian 
$1*55^73™ ^ Morocc °)- - Ecl ogae geologiae Helvetian 

Wheeler A.P. ; 1975. — Oyster mantle carbonic anhydrase: evidence for 
plasma membrane-bound activity and for a role in biocarbonate 
transport. — Ph.D. Thesis, Duke University, Durham N C 

Wheeler A.P., Sikes C.S., 1984. - Regulation of carbonate calcification by 
organic matrix. — American Zoologist. 24: 933-944. 

Whebur A.P. SrxES.C.S.,1989. - Matrix-crystal interactions in CaCOs 
biomineralizanon. — In: Biomineralization - Chemical and Biochemical 
Perspectives. Mann S., Webb J., and Williams R.J.P. (eds ) VCH 
VeriagsgeseU schaft, Weinheim, p. 95- 1 3 1 . 

Wheeu* A.P, Rusenko K.W., George J.W., Sikes C.S., 1987. - Evaluation 
of calcium binding by molluscan shell organic matrix and its relevance 
87B- °gS9^ Zatim ' ~ Comparativ€ Bioch ^istry and Physiology, 

Wigley T.M.L., Plummer L.N., 1976. - Mixing of carbonate waters. - 

Qreochimica et Cosmochimica Acta, 40: 989-995 
Wignall P.B., Hallam A., 1992. - Anoxia as a cause of the 

Perrrnan/Tnasstc mass extinction: facies evidence from northern Italy 

~ Pakl€ ^climatology 

Wilbur K.M., 1980. - Cells, crystals, and skeletons. - In: The Mechanisms 

or Biommerahzation in Animals and Plants. Omori M. and Watabe N 

(eds.), Tokai University Press, Tokyo, p. 3-121 . 
Wilbur K M., 1984. — Many minerals, several phyla, and a few 

considerations. — American Zoologists, 24: 839-845 
Wilbur K.M., Saleuddin A.S.M., 1983. — Shell formation. - In: The 

Mollusca. Vol. 4. Saleuddin A.S.M. and Wilbur K.M. (eds.), Academic 

Press, New York, p. 236-287. 



Bulletin de Vlnszitut ocianograpkique, Monaco , n° sp&ial 13 (1994) 



115 



SEP-1 1-2002 11:32 



LINDA HflLL LIBRfiRYL 



816 926 8785 P. 58 



ft 

'Si 

5*1 



I 



WrLB ^5v, M , SlMK ^ &' 1968 " - C^* 1 sheUs. - In- Comprehensive 
B ochenustry, vol 26, part A. Florkin M. and Stotz EH. (SflSS 
Publishing Co. : Amsterdam, p. 229-295. cisevier 

WIU> Lh:, 1 p^ 7 ' _ . Model of Progressive ventilation of the late Precambrian- 
early Paleozoic ocean. — Geologv, 19: 1093- 1 095 "ecarnonan 

Wfllums D.A., Fog arty K.E.. Tsen R.Y.. Fay F.S 1985 - Calcium 
grad,ents in single smooth muscle cells revealed by mVdigital^aS 
microscope usuig Fura-2. -Nature, 318 558-561 8 6 

WnxiAMS RJ.P., 1974. - Calcium ions: their ligands and their function 
Biochemical Society Symposia, 39: 133-138 

Wtllums R.J.P., 1989. - Calcium and cell steady states _/„■ Calcium 
Bmdmg Proteins in Normal and Transformed Cells. ?ochet £ LaS>n 

SewtrM? 1 ^ C W ^ P1CnUm 1,0,5118111118 

"^^^ssr* Facies in Geolosic ms « ry - - springer - 

WOES 22U27i. 1987 ' ~ BaCterial eVOlution " - Microbiological Review, 51: 

^^Jrhon.rl? 92- ~ u Specu,ations °* controls on cvclic peritidal 
SS^C^&Er' 8reenh0USe «»««Hc conJol,. - 

WU ^^ ~se a 

Young J.D.E., 1985 Role of ionic events in the triggering of phagocytosis 
— Journal of Theoretical Biology, 116: 475-478 Pnagocytosis. 

La funcion de la alcalinidad en la evolucidn quimica del oceano 
la orgamzaaon de los ecosistemas, y los ^SKSU, 

RESUMEN 

- J^f . Precambnco presentaba una alcalinidad muy alta similar a la *» U 
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como consecueneia, la formacidn de albita en la costra granodiorftica los 
deptatos muy antiguos de carbonatos y el aumento del depdsito de carbono 
organico sedimentario. La disminucion de la alcalinidad permite un aumento 
£ c °?S entraci6n en calcio libre de 10 5 M a 10> M, io que provoca un 
estres cfflcico para los organisraos vivientes. Aquel oceano estaba fuerteraente 
sobresaturado con relaci6n a la mayorfa de los carbonatos minerales 
favoreciendo asi la precipitaci6n inorganica 0 de ongen microbiano de 
carbonatos de calcio y de magnesio en lugares donde el caJcio Hesaba al 
oceano (ruentes submarinas, entradas de aguas freaticas o nos). 

Con el aumento del oxigeno y la oxidation del deposito de azufre 
reducido formo los sulfatos del oceano dando lugar a la aparici6n de otro 
mecamsmo modulador de la alcalinidad del agua de mar : la reduction de los 
sulfates en las cuencas oceanicas estancadas (Kempe, 1990). El ejemplo actual 
del Mar ^egro muestra que estas cuencas pueden funcionar como bombas 
aicaiinas : durante la oxidacidn del carbono organico que desciende sobre el 
londo los sulfatos son reducidos y su carga negativa es sustituida por iones 
biocarbonatados, aumentando la alcalinidad en concordancia con la perdida 
de sultato. En los afloramientos de poca intensidad, en los remolinos de 
difusi6n, se producen excesos del nivel de alcalinidad en el oceano lo que 
ocasiona sobresaturaciones, locales, regionaies o globales, que dan como 
resultado un mcremento en la formaci6n de CaCOs. Las diferencias negativas 
de las medietas de 8 : 'C en las secuencias carbonatadas se interpretan como 
muestras de los excesos de alcalinidad en la historia del globo. Con el fin de 
confirmar estas hip6tesi S! se han estudiado, en medios alcalinos actuates los 
carbonatos formados bajo estas condiciones. 

El lago existente en el crater de la isla de Satonda en Indonesia es 
leveraente mas alcalino que el agua de mar normal, debido a la accidn de una 
bomba ateahna en su zona mas profunda (el lago es reductor por debajo de los 
22 m) (Kempe and Kazmierczak,. 1990b, 1993). La sobresaturacion de caldta 
y aragonito y el aumento de alcalinidad y del pH pudo ocasionar la formation 
de arrecites, en parte por una premineralizacidn en vivo mediante el soporte 
de cianobactenas con Mg y calcita (Kazmierczak and Kempe, 1990 199^) 
i-on los pnmeros "raicrobialitos" recientes senalados en el mar que calcifican 
(los demSs aglomeran sobretodo los granos de sedimento). Satonda representa 
una reconstituci6n de las condiciones en el oceano antiguo. cuando los 
microbiahtos abundaban (stromatolites, trombolitos). 

En el lago Van / Anatolia, el mayor "soda lake" del mundo, se pueden ver 
co umnas de tapices bacterianos, de 40 m de altuxa (Kempe et al 1991) Estas 
columnas se forman en lugares donde el agua del fondo es muy rica en Ca v 
se mezcla con el agua muy alcalina del lago (150 meq/1, P H 9.7). La calcita 
inorganica sarve de substrata duro a una capa cianobacteriana que lueeo 
produce aragonito. Esta capa estabiliza las columnas y forma una costra 
espesa. 

Estos dos ejemplos muestran que los ''Microbiahtos" calcareos y marinos 
del Precambnco y Fanerozoico, se han desarollado probablemente en un 
medio alcalino muy sobresaturado con minerales carbonatados 
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5 . "Calcification 



m cyanobacteria 

ALLAN PENTECOST and ROBER T RIDING 
Abstract 

In the Recent, calcification i. virtually restricted to freshwater where specie, 
^ineantly to ,L depti^s^^ 

"^ne-^romTOl^-principaUy fomr-by trapping. m d bind™rp,c5S - 

Introduction 

Cyanobacteria are widely distributed micro-organisms with a Ion* 
geolo^cal record. Calcification makes them much more conspicuous Z 
they would otherw.se be and can lead to the formation oftt ^ 
of sednnent m marine, hypersaline, fresh-water, and hot spring 

^heTdula ^ bCSt k "° Wn ° f th£Se de P° sits are stromlSes" 
and the nodular stromatolites termed oncolites or oncoids 

Despite long recognition of their participation and importance in 

calc.um carbonate deposition, uncertainties remain concern^S^th™ 
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74 A. Pentecost and R. Riding 

processes and products of cyanobacterial calcification. The fact that no 
cyanobactenum is known to be an obligate calcifier raises doubts concerning 
the degree of control over, and specificity for, the process of calcification 
bo far as products are concerned, it is difficult to distinguish between 
tine-grained carbonate sediment trapped by the cyanobacterium and that 
which is precipitated upon or within it. These problems are further 
compounded by the general difficulty of sometimes recognizing whether 
cyanobacteria merely colonize sediment or are active in its deposition 
These problems are central to any discussion of cyanobacterial 
calcification. In order to focus them we propose to begin this review with 
the following statements which attempt to summarize both our-present 
state of knowledge and the problems which still require resolution These 
statements must therefore be regarded as working hypotheses covering the 
most important areas for consideration of cyanobacterial calcification. 

1 . Calcification is defined here as the nucleation of calcium carbonate ~ 
upon and/or within the cyanobacterial sheath. It is distinct from the 
trapping and binding of particulate sediment which is the main process 
in the formation of Recent marine stromatolites. 

2. Calcification is primarily associated with the polysaccharide sheath 
ot cyanobacteria; this appears to provide sites favourable to the nucleation 
ot calcium carbonate crystals. 

3^ The mineralogy and composition of cyanobacterial calcium 
carbonate is consistent with that to be expected from essentially inorganic 
precipitation. 7 s 

4. Several cyanobacteria exhibit specificity for calcification, but none 
is known to be an obligate calcifier. 
'■• w "5/ J Cyari3b5&^ the influence oT - 

the organism. It requires suitable environmental conditions favouring 
precipitation of calcium carbonate, together with the presence of a sheath 
to provide a site for crystal nucleation. 

6 , Stromatolites may be formed by either, or both, (a) calcification 
cyanooLtn n a Statement ^ (b) ° f P artic ^ sediment by 

7. Since the Cretaceous (65 million years) calcification in cyanobacteria 
has only been common in fresh water. Prior to that, and since the early 
Cambrian (590 million years) cyanobacterial calcification was common in 
the sea. In the Precambrian, when marine stromatolites were' abundant 
there is htde direct evidence that cyanobacterial calcification occurred! 

-Deposition of calcium carbonate in association with cyanobacteria 

The sheath provides the normal site for calcification. Nucleation of 
calcium carbonate crystals may occur within the sheath (impregnation) 



Fig 
(a)T 



and 
the . 
cyar 
is n 
with 
Ir 
resu 
fossi 
of rr 
type 
C 
exte 
fron 
imp. 
forn 
outv 
by I 
C 
asso 
stroj 



tat no 




:rning 


r 


ation. 




:ween 




d that . 




irther 




tether 




ition. 




terial 




/ with 




esent 




These 




lg cue 




ition. 






f 

't 


onate 


n the 




ocess 


t 


heath 


1 


:ation 


! £ 
if 


cium 


i 


gariic 




none 


,{ 




.... L 


ice of 




iring 


f 


leath 


f 


ation 




nt by 


t 


rteria 




early 




on in 




dant, 




rred. 





5. Calcification in cyanobacieria 



75 






m of 
uon) 



f r De P° sUl0n of calcium carbonate associated with filamentous cyanobacieria 
(a) Trapping and binding of particulate sediment; (b) calcification of the sheath interior 
(impregnation); (c) calcification of the sheath exterior (encrustation). 

and upon it (encrustation) (Riding 1977a, p. 40, Fig. 5). In addition, 
the sheath can trap sediment particles which are then bound into the 
^^l no ^f c I^ i i rn l t aS S 1 ™* 11 continues (Fig. 5.1). Trapping and binding 
is not here regarded liTl^ ir maf Be^sdciafed*' 

with it. 

In filamentous forms, calcification (impregnation) of the sheath interior 
results in the formation of a calcareous macaroni-like tube providing 
fossils which may preserve the size and shape of the sheath for hundreds 
of millions of years. Girvanella Nicholson & Etheridge exemplifies this 
type of preservation (Riding 1977a). 

Calcification of the sheath exterior (encrustation) may develop as an 
external crust on the sheath surface, in which case it is indistinguishable 
from cementation. These crystals are commonly larger than those 
impregnating the sheath interior (Riding 1977a, Fig. 5). They commonly ; 
form in tufa deposition. External calcification may also develop through 
outward extension of crystals within the sheath, as shown in Scytonema 
by Lowenstam (Chapter 1, this volume). 

Calcification of coccoid forms appears, to be a post-mortem effect 
associated with cementation, as in the Entophysalis mats of the Shark Bay 
stromatolites (Golubic 1983). 
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Thus, sheath calcification and trapping and binding of particulate 
sediment are not mutually exclusive processes. Stromatolites formed with 
and without calcification have been termed skeletal and non-skeletal 
stromatolites respectively (Riding 19776), but skeletal stromatolites always 
include some component of trapped sediment. 



Site and mechanism 

The site of calcification is the surface, outer layers, and interior of the 
mucilaginous sheath (Wallner 1934; Gleason 1972; Golubic 1973- 
Pentecost 1978; Casanova and Tiercelin 1982; Wood 1984) SEM images 
show that calcification occurs, at the sheath surfaces of Phormidium 





v. A ^ 



vL 'w (3) 7 a ^ n ^rr CrUS,ed n ° duleS o(Ph <>™idium incrustatum from Ingleton Glen 
Yorkshire, x 7. (b) SEM p.cture of S. calcicola trichomes showing calcite crysfals attached 

cVsEMn^ 31 'fc T S '/ InglCt0n Gkn ' Y0rkshire * 425 « Au-Pd coated 

No^C™^ t tC t° ShOW , m , g Ca,Cite endrclin S but not Penetrating the sheaths. 
A^d S-H CaUSed D b / desiccation - Inf'ton Glen, Yorkshire, x 1600, 

Au-Pd coated, (d) SEM p.cture of Phormidium incrustatum sheath surface. Anhedral and 
accular crystals are v.s.ble, probably of calcite. Ingleton Glen, Yorkshire, x 3400 Au-Pd 

coated. 
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INTERNAL 




external (a) Thin crust (e.g. ^L^K'^Sle °V h) imen,al a " d 

needles (e.g. Schuothrix); (d) blades and needle ( u S ' & -*~); 0 blades and 
dendrites within the shea h (e , GMy r^ n ^ Sheath (e) 
trichomes (e.g. tou& „ a); W £*£>i® S °£ CaC 0 3 ™ss surrounding several' 

incrustatum, Schizothrix calcicola (¥\ e 5 9^ ^ D , 
" ^npliblishTd^bT^^ Xmkm. .haematites*. 

of these organis m 7coZ e duH Y ' the ^ Mrated sheaths 

so that penetration .S&Z? , ^ and P ° 0r, y define d, 
^^.^^on^^^^^Y weU occur but be 

JSST" ia «*~ and {?. >„L (f^^^ 

is n^a^ the filaments, there 

Pentecost (1978, l^SkS^^T^T^ l ° ^ sheath - 

calcite found in Geitleria anrZr, ? k !i dlmenSlonal networ k of 
rhombohedral it^t^^J^T ^ *° ^ ^ ° f 
influence of the ^^ VTlSt^" * ^ di ™™* 
oiPUctonema form tufted c usters cLtJ ^ in ^ sheath 

of the filament (Riding £ f^r^d)) 0 " 1131 ^ ^ 
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78 A. Pentecost and R. Riding 

Where carbonate-depositing waters associated with cyanobacteria were 
analysed in detail, calcite precipitation was found to have been 
thermodynamically favoured (Pentecost 1981). In the absence of 
inhibitors, nucleation is likely to occur and there are at least three ways 
by which the calcite could contact and grow on the sheath. Sheath 
polysaccharides of cyanobacteria, including those associated with 
carbonate deposition, contain acidic groups, mainly ionizable uronic acids 
(Drews and Weckesser 1982; Pentecost 1985a). These would attract 
oppositely charged calcium ions, perhaps giving rise to epitaxial growth 
and heterogeneous nucleation. Alternatively, nucleation might occur on 
attached bacteria or clay and silt particles. Third, nucleation could occur 
on bacteria or inorganic particles in suspension which could then become 
attached to the sheath. For particles 0.1 /im or less in diameter, the forces 
of molecular bombardment could overcome the repulsive potential energy 
barrier between two surfaces allowing bonds to form. For larger particles 
the energy barrier is higher and adhesion could only occur if isolated 
chains of polymer protruded from the sheath (Rogers 1979). 

These processes may operate singly or together and trapping of calcite 
particles in suspension can also provide additional sediment on the 
sheaths. Silt trapping certainly occurs in calcified colonies and the silt 
content may exceed 10 per cent by weight, even in fresh-water deposits. 
Calcite precipitation often occurs in productive alkaline lakes due to 
phytoplankton photosynthesis and this could provide a source of calcite 
in lacustrine sites (Golubic 1973; Jones and Wilkinson 1978). A careful 
study of the initial stages of deposition is obviously required although, 
in any case, crystal growth certainly continues at the sheath surface! 
This is particularly.clearJn,/?^^ increases further 

into the colony (Wallner 1934, 1935) and the crystals themselves"* 
sometimes appear zoned as a result of continued growth (Casanova 1981). 
Golubic (1973) noted in the green alga Gongrosira that some calcification 
within the colonies was probably the result of respiratory dissolution and 
photosynthetic precipitation leading to recrystallization. This could also 
occur in cyanobacteria. 

The sheaths of cyanobacteria differ widely in their physical and 
chemical properties (Drews and Weckesser 1982) but sheath development 
may be environmentally induced in some genera (Rippka ei al 1979; 
Pentecost 19856). Sheaths vary both in their thickness and consistency 
with a tendency for calcified species to have sheaths which are thick 
(2-10 /an) and gelatinous, with the notable exception of Scytonema and 
some forms of Plectonema which have thick, non-gelatinous sheaths. In 
these genera sheath thickness appears to influence the degree of false- 
branching (Pentecost 19856). 

Two basic types of trichome organization are found in the calcified 
species. In the ' semiglobosa' form of Schizothrix calcicola, Homeothrix janthina, 
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5. Calcification in cyanobacteria 79 

and especially Rivularia a radiating pattern. is apparent. The trichomes 
become aligned, often within a common sheath, and grow outwards to 
form nodular, often densely calcified colonies 1 mm to several cm in 
diameter. This has little influence on crystal growth, although in Rivularia 
the crystals commonly grow parallel to the trichome surfaces, presumably 
following the line of least resistance (Fig. 5.3(f)). Radial growth also 
occurs in the nodules formed by Phormidium incruslatum (Fig, 5.2(a)) but 
sections reveal a less pronounced radial structure in most cases. The 
reasons for these differences are unclear but phototaxy, motility, and 
false-branching could all play a part. It should also be noted that doubt 
remains concerning the separate identity of Homeothrix janthina and 5. 
calcicola f. semiglobosa. The trichomes of the former can be distinguished 
by their gradual attentuation to haiHike points, whilst in the latter 
attenuation is slight. Intermediate forms seem to occur and this warrants 
further study. 

The second group consists of Unstructured' mats. These are most 
frequendy composed of S. calcicola (Fig. 5.2(b)) where no preferred 
orientation of the trichomes is apparent. Unstructured mats are also 
formed by Scytonema/Plectonema, mainly in semiterrestrial sites. 

Cyanobacterial calcium carbonate 

Mineralogy and composition 

Freshwater calcified cyanobacteria normally contain, or are encrusted 
by, crystals of low-magnesian calcite (Gleason 1972). Marine influence 
produces high-magnesian calcite (Monty 1967, p. B 74) and aragonite 
-(Golubic^and^Campbell^l£8J).^These changes irv comppsiticjn with, 
environment reflect the normal response for phy siochemical precipitates ' 
relative to water-chemistry (Folk 1974). 

Little is known concerning the original calcium carbonate of fossil 
cyanobacteria. Diagenetic changes cause both aragonite and high- 
magnesian calcite to be replaced by low-magnesian calcite. However, 
James and Klappa (1983) reported that the style of preservation of the 
possible cyanobacterial fossil Renalcis in Cambrian limestones suggests 
that it was probably originally composed of high-magnesian calcite. 

Morphology 

Ancient calcified cyanobacteria have skeletons with micritic structure 
(CaC0 3 grains smaller than 4^m in size) which appear to have been 
recrystallized. Recent specimens also commonly consist of micritic 
carbonate, but the individual crystals have their original form and 
arrangement in contradistinction to the more equidimensional and 
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80 A. Pentecost and R. Riding 

apparently unorganized grains of fossil examples. Some recent calcified 
cyanobacteria, however, show extensive development of calcium 
carbonate which forms a solid mass, pierced by trichomes. The following 
styles of calcification are known. 

1. Rhomb-like crystals within or upon the sheath, e.g. Scytonema 
hofmanni (Monty 1965, quoted in Reason 1972, p. 76), Microcoleus 
lyngbyaceous (Gleason 1972, p. 76); 

2. Acicular crystals within, and sometimes extending beyond the 
sheath, e.g. Schizothrix calcicola (Gleason 1972, p. 66), Plectonema eloeophilum 
(Riding 1977a); 

3. Thin platy crystals on the sheath surface, e.g. Microcoleus lyngbyaceous 
(Gleason 1972, p. 77). Gleason calls these low-relief crystals 'plaque'; 

4. Dendritic networks of fine crystallites within and extending beyond 
the sheath, e.g. probably in Schizothrix calcicola (Gleason 1972, p. 66), 
in Geitleria (Friedmann 1979; Coute 1982), and in Scytonema (Lowenstam' 
Chapter 1, this volume); 

5. Crystal masses surround several, or many, trichomes, e.g. Riuularia, 
although the inner part of the sheath is not normally calcified. 
These are illustrated in Fig. 5.3. Crystals within the sheath probably 
have arrangements which relate to sheath structure (see 'Site of 
calcification'). 



Taxonomy and specificity 

It is only recently that the cyanobacteria were classified using 
bacteriological methods. They were originally placed with the algae and 
classified accordingly 7^ The current J 

position is_.such that whilst the techniques for a full bacteriological 
classification are available, we are not in a position to apply them since 
so many cyanobacteria are difficult to obtain as pure cultures. Rippka 
et al (1979) provided a provisional classification consisting of five sections. 
Most calcifying forms belong to section III, subdivision Oscillatoria, but 
this subdivision is unsatisfactory and requires revision. The scheme is 
useful, however, because it allows organisms to be classified to some 
extent according to their morphology, although many morphological 
features, e.g. sheath thickness and extent of lamination, have been found 
to be unreliable. Instead, other methods have been applied such as DNA 
base composition (Herdman et al. 1979). Considerable time will elapse 
before these methods are widely applied and in the meantime the 
'traditional' system of Geitler (1932) is probably the most useful. Field 
observations suggest that . a small number of cosmopolitan phenotypes 
or 'pleomorphs' are inhabiting niches whose main characteristics are 
determined by the depositing environment rather than the overall climate. 
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5. Calcification in cyanobacieria gl 
This presumes either genetic stability or the tendency for several 
genotypes to undergo a convergence of form under simili condi donf 
ConsKlenng the similarity of cyanobacterial deposits worldwrte 
the_ former hypothesis seems reasonable although there is TvL 
evince for genetic translation and probably Auction (SeSZ 

deSsidon 'ho^ * ^t'r * 23 ^ ~ ted with 

deposition. However, only five reasonably well-defined filamentous 
spec.es are recognized as being of common occurrence here namely 
Schzothnx calcvoUL, Phormidium incruslatum, Homeothrix janthina, iSSS 
haemautes and Scytonema hoffmanii. The species belonging to grTp IH 
can be distmgu.shed by their trichome diameters U mofpholoev 
Plectonema can be regarded as a non-heterocystous form of ScytonZ ind 
he taxonomy of two Phormtdtum species was clarified by Kann (1973) 
It was suggested that the coccoid form Pleuroca P sa also shows specificitv 
for calcification (Krumbein and Giele 1979) specificity 
Golubic (1973), in reviewing the specificity problem, concluded that 
carbonate deposition could not be upheld as a species chapter Xweter 
if we accept that sheath surface chemistry is one of the determents 
of deposition this view may have to be modified determina nts 

euLrvoTc"^ ZT^ ^ ™ imp0rtam rok b the deification of 
211; ? Pky IittIe Part in cyanobacterial 

edification. There are no specialized anatomical features to promote 
calcification and the growth rates of the species involved are oftenTow 

* S ,a h tuudes - However ' the situation ™ cons ^X 

depending upon-the biomass per unit area and the rate of flow of water 
Under extreme conditions, with a low flow and high b iWs 

. ^l^^J^^^port^t factor although this Tould 

be regarded as exceptional. 4 " — - * — 5"."^- sn ?HJ? 



Products 

Microfabrics created by individual colonies 

lubit? h K»ul* : PUCt : i r a , f ° SSil f - like -rays of 

^^'JZrZl T e 1 UlvaJe ™)> and dense micritic (Le- 

IT,,, / f • bush " llke mas ses (e.g. Schizothrix and fossil 
Angulocellulana) constitute the principal morphological styles of caldf S 

tlTa^S TT mS H C ° l0nieS (Fig - 5 These are prLem^ n d 
the earliest calcified cyanobacieria in the Lower Cambrian (Ridin* and 
Voronova 1985). Most Palaeozoic and Mesozoic Z l of £ toe are 
known from marine environments whereas their Recent anaWs o2 
app ear to be present in fresh water (Riding 1977*; Riding aT^not 
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Fig. 5.4. Morphology of individual calcified filaments and colonies which provide the 
basic microfabrics from which larger stromatolitic, reef, and tufa deposits are constructed, 
(a) Tangled tubes, e.g. fossil Girvanella\ (b) micritic bushes, e.g. fossil Angulocellularia; 
(c) fan-like arrays of branched tubes, e.g. fossil Botomaella. 

Calcified coccoid cyanobacteria such as Pleurocapsa (Krumbein 
and Giele 1979) appear to be ~ responsible for the clotted micro- 
fabrics in thrombolites and also occur in the sub-Recent tufas of 
the Dead Sea area (Buchbinder 1981). Thrombolites are a variety of 
stromatolite which lack the laminated fabric normally diagnostic 
of stromatolites. The term was introduced by Aitken (1967) (also see 
Monty 1976, p. 22). 

Reefs 

Clusters, layers, and veneers, all representing in-place accumulations 
of individual calcified cyanobacteria, are present in many if not all marine 
reefs of Palaeozoic and Mesozoic age (Wray 1969). Normally they are 
intimately associated with metazoan reef builders, as well as with 
< carbonate-sand and mud, .so that, the.resul tin g.,ro.^ 
In the Lower Palaeozoic, clusters of microscopic bush-like masses of 
Angulocellularia are intimately associated with sponge-like organisms in 
Cambrian and Lower Ordovician mounds (see references in Riding and 
Voronova 1982a). In the early-Mesozoic calcified cyanobacteria occur 
with scleractinian coral- and sponge-dominated reefs of Triassic age 
(Schafter and Senowbari-Daryan 1983). Bioherms constructed mainly 
by Rivularia occur in the Pleistocene of Greece (Richter et ai 1979). 

Tufa 

Freshwater calcareous deposits with which cyanobacteria are associated 
can be classified into two types — those which develop and remain in 
situ, consisting of thin incrustations or developing into massive layers 
of many varieties (tufa and travertine) and spherical or flattened bodies 
terms oncolites or oncoids, detached from the substrate and subject to 
rolling by gentle currents (< 1 m s~ x ) or growing more or less in place 
on the beds of lakes and rivers. Oncoids may be regarded as loose 
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tufa-like cyanobacteria-dominated nodules but aw m „ T 
classed as spherical stromatolites (see below) * ^ 

and waterfall's in^-^i^-^^^^P^"^ 
turbulence and evaporation results S CaCO dUC t0 

available surface oartimUrlu T i ?■ , 3 P reci P Itat, °n on any 

w^-Htenvi^^ C ^ u ^^^ th ™ in these mo ist" 

below). " ln "delal stromatolites (see 

with /> i.n^^^^^T^"!! "ryoph^ 

(Buchbinder 1981). e ^mples occur in the Dead Sea area 

Stromatolites 

dennition, stipulating^ *T of COnSCt, " eM ' y . * Se " etic 

with modern feL To ilaih ,° U! I* 1 " 5 "' ^ a "*<ogy 

pointed on, that^e^ "S^t f° ^ 

■■nKrC^uS'i-^^; S r*° «« organosedimentary" 
as a result? ,„ e 1Z * a L ?f'," g ' bl " dmS and/or Potation 
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Fig. 5.5. Recent oncoids, formed mainly by Schizothrix calacola and Phormidium incrustaium, 
cut to show the pebble nucleus and laminated structure. The oncoid is 8 cm long and 
5 cm wide. River Alz, Bavaria. 

Stromatolites formed primarily by calcification of cyanobacteria have 
been termed 'skeletal stromatolites' in contradistinction to ( non- skeletal 
stromatolites' formed by trapping and binding of sediment and in which 
little or no trace of calcified sheath material is preserved (Riding 19776). 
Skeletal bricbl'ds ~(nb^ by calcified 

cyanophytes* have been termed cyanoids (Fig. 5.5) (Riding 1983). 

In general, in marine deposits, skeletal stromatolites and cyanoids are 
less common than non-skeletal stromatolites and oncoids. Modern 
subtidal stromatolites, such as those. described from Bermuda by Gebelein 
(1969, p. 59), are not calcified whereas those in fresh-water environments 
adjacent to the sea are (Monty 1973, p. 614). The Shark Bay stromatolites 
of Western Australia are lithified by a process described by Golubic 
(1983) as post-mortem calcification of the sheaths of the coccoid 
species Entophysalis major. This appears to be due to the intertidal 
location of the stromatolites studied, desiccation of the Entophysalis mat 
killing the cyanobacterium and promoting CaCC>3 deposition. Subtidal 
stromatolites at Shark Bay appear to be lithified by cementation. In none- 
marine environments, calcified cyanobacteria are relatively common. 
However, in situ calcified cyanobacteria in fresh-water usually contribute 
to tufa formation, rather than to stromatolites. This is due to the 
additional presence of other plants in these environments which lead 
to the production of porous tufa fabrics rather than to the formation of 
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5. Calcification in cyanobacteria 85. 
more densely laminated stromatolites. Nevertheless, cyanoids are 
widespread in fresh-water because they develop under water where many 
tufa-forming bryophytes and angiosperms are excluded. Gyanoid^ 
generally range in size from 0.5 to 30 cm and are formed by accretion 
on a foreign nucleus Major Recent components are HomeothrxxjvOhina;. 
bcnizothrixcakicold, Phormidzum incrustatum, and occasionally Rivularia and 
the ultimate size attained is probably related to current speed (Golubic 



Environment 

Two major environmental gradients significantly affect calcification in 
cyanobactena The first is variation in water movement in freshwater 
the second ,s change m salinity. In limestone areas where freshwater i 
supersaturated in dissolved CaC0 3> loss of dissolved CO, results in 
spontaneous carbonate precipitation. Evasion of C0 2 initially takes 
Sr.T^K gr ° un , dwa "' er surface * ^ springs and subsequently is 
stimulated by turbulent flow and evaporation until equilibrium with the 
atmosphere 13 re-established (Golubic 1973, pp. 435-6). Consequently 
springs, waterfalls, and fast-flowing streams show high rates of CaCCh 
precipitation which affect all surfaces and result in tufa deposition and 
oncoid formation (Fig. 5.6). In slow-flowing streams downstream fhfm 
these sites, and m lakes, inorganic precipitation is reduced and 
calcification becomes species-specific (Golubic 1973 p 440) 
nJ^flf T hC o- d 1 c P? sit ?. show a «gular lamination (Monty 1976; : 

(Geitler 1932; Golubic 1973) although the variation is such that this - 
cannot reasonably be upheld. The zones are caused by seasonal- 
differences in growth, perhaps augmented by seasonal changes in water 
chemistry which are known to occur in many calcareous streams. Densely : 
calcified zones are produced in the winter when growth is slow, followed 
by wider, lightly calcified zones in the summer. Superimposed on this 
cycle may be discontinuities caused by emersion during periods of low 
water. Zonation also occurs in other genera but the zones are often less 
clear although the cause appears to be the same (Pentecost 1978) In 
some cases oncoids appear to be colonized by alternating layer^ of 
Phormidium/Rivularta and S. calcicola. 

In the second major environmental gradient, between freshwater and 
marine environments, species-specific calcification ceases as marine 
influence increases (Geitler 1932; Monty 1973, p. 614). This is due to 
the lower rates of inorganic precipitation caused by the strong buffering 
of seawater (see Golubic 1973, pp. 446-7). The initial stages of this 
gradient, where calcification continues, are associated with a change from 
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Fig. 5.6. Environmental distribution of Recent carbonate deposits associated with 
cyanobacteria. Sediment trapping and binding is the dominant process operating in 
modern marine environments. It also occurs in fresh water although in tufa and oncoid 
deposits it is subordinate to calcification. 



low- to high-magnesian calcite precipitation on cyanobacteria as sea- 
water influence increases, reflecting the greater Mg 2+ concentration in 
sea water (see 'Cyanobacterial calcium carbonate', above). 

Ohcoids have been described from the margins of soda lakes in Africa 
(Casanova and Tiercelin 1982)-where-accretion*may be the, result of 
evaporation. Evaporation is also an important agent in fresh water in 
warm climates (Pentecost, 1985a). A few cyanobacteria are known to 
exist as halophilic strains (Whitton and Potts 1982) whilst others show 
considerable halotolerance but there are no studies so far on calcified 
species. 

Littie is known of the effects of light and temperature on deposition. 
Tufaceous material formed by cyanobacteria was reported from Arctic 
and tropical latitudes, both containing Oscillatoriaceae, probably S. 
calcicola. Golubic (1973) demonstrated light-orientated growth of cave 
travertine caused by the phototactic responses of cyanobacteria. The 
abundance oiS. calcicola in low-light regimes was noted (Pentecost 1978; 
1982); light obstruction caused by the deposits themselves appears to 
provide favourable habitats just below the tufa surface. 

The geological record of marine calcified cyanobacteria indicates major 
long-term influences which may include sea-water chemistry. The first 
appearance of heavily calcified cyanobacteria is an abrupt event near 
the base of the Cambrian (-590 million years) (Riding and Voronova 
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1984) which introduced forms such as Angulocellularia and Girvanella, 
comparable with extant taxa such as Schizothrix calcicola and Plectonema 
gloeopfolum (Riding and Voronova 1982a; Riding 1977a). This sudden 
appearance in the geological record of abundant calcified cyanobacteria 
suggests a change in calcification potential related either to environmental 
factors or to some change in cyanobacterial morphology and/or 
metabolism. 

From the Cambrian until the Cretaceous calcified cyanobacteria are 
common and locally very abundant components of shallow marine 
carbonate deposits, in addition to occurring in fresh water. From the 
mid-Cretaceous (-100 million years) they become less common in the 
sea and by the early Cenozoic ( - 60 million years) calcified cyanobacteria 
appear to be absent in normal marine environments. Reversals of the 
Mg 2 + /Ca 2 + ratio, related to pC0 2 in the late Precambrian and to 
Ca + deposition by plankton in the Cretaceous, could account for 
development of marine calcification near 590 million years and its loss 
near 100 million years (Riding 1982). Thissuggests that cyanobacterial 
calcification can be seen as an index of changes in sea-water chemistry 
and CaC0 3 precipitation rates which has considerable importance for 
studies of marine geochemistry and carbonate sedimentation. 
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of 10 km, this gives a slip of 2.9 m for 1.2 m of slip 
at Loma Prieta {x * 3 km). A more precise three- 
dimensional dislocation calculation yields a slip of 
2.5 ± 0.4 m from the surface to 10 km. 
9. M. Lisowski, W. H. Prescort, J. C Savage, M. J. 
Johnston, Geophys. Res. Leu. 17, 1437 (1990). 

10. T. A. Clark et «/., ibid., p. 1215. 

11. The EDM measurements were made to station 
Eagle; the GPS occupations were at Eagle Un, -40 
m away. In the calculation the two markers were 
treated as one. On Loma Pricta the GPS occupations 
and the south -directed EDM lines were from LP1, 
whereas the EDM lines to the north were from 
Loma USE. We have corrected all measurements to 
LP1. For this solution there are 59 observations, 46 
unknowns (2 for each of 23 stations), and no null 
space. 

12. For strike slip on a vertical dislocation extending 
from the earth's surface to depths of 5 to 15 km, the 
mean-square iack of fit [the residual sum of squares 
corrected for misclosure; see (4)] is 1.4. For strike 
slip on a plane dipping 70 c to the southwest the 
mean-square lack of fit is 1.5. Both models provide 
acceptable fits to the data. W. Thatcher and G. 
Marshall [Eos 17, 554 (1990)] presented similar 
results. In contrast, if the slip vector is constrained so 
that the strike-slip component is 1.4 times the 
dip-slip component, the mean-square lack of fit is 
2.8, a significantly poorer fit. With 18 linearly 
independent observations and three parameters, 
models with mean-square lack of fit greater than 1.7 
are rcjectable at the 95% confidence level. The 
variance in the tri angulation measurements estimat- 
ed from the network misclosure is completed con- 
sistent with the a priori estimate of the data variance. 

13. Near Loma Pricta a total of 33 to 38 mm/vr of slip 
is partitioned between the San Andreas and Cala- 
veras faults. Estimates of slip on the San Andreas 
fault range from 13 mm/yr [W. H. Prescort, M. 
Lisowski, J. C. Savage, J. Geophys. Res. 86, 10,853 
(1981)] to 26 mm/yr [M. Matsa'ura, D. D. Jackson, 
A. Cheng, ibid. 91, 12,661 (1986)]. 

14. W. C. Bradley and G. B. Griggs [Geol. Soc. Am 
Bull. 87, 433 (1976)] estimated uplift rates of as 
much as 0.26 mnVyr. T. C. Hanks, R. C. Bucknam, 
K. R. Lajoic, and R. E. Wallace [/. Geophys. Re/. 
89, 5771 (1984)] estimated an uplift rate of 0.35 
mnWr. All rates apply to the Santa Cruz coastline, 
the uplift rate at the fault trace is not well known. 

15. R. S. Anderson, Science 249, 397 (1990); Valcnsise 
and Ward, in preparation. 

16. The average rate of slip on the San Andreas fault in 
the Carrizo Plains has been 33.9 ±2.9 mm/vr dur- 
ing the last 3,700 years and 35.8 + 5.4/- 4. 1 mm/vr 
during the last 13,250 vr [K. E. Sieh and R. H. 
Jahns, Geol. Soc. Am. Bull. 95, 883 (1984)]; the 
geodeticalh' determined slip-rate somewhat north- 
west on the creeping segment of the fault has been 
33 ± 1 mnVyr over the last 100 vcars [W. Thatcher 
J Geophys. Res. 84, 2283 (1979)]. 

17. J. Olson, Geophys. Res. Lett. 17, 1492 (1990). 

18. As pointed out by T. Heaton (personal communi- 
cation). Erect a coordinate system with x\ horizon- 
tal and normal to fault strike, x' 2 horizontal and 
parallel to fault strike, and x' 3 vertical. The condi- 
tion that the vertical fault be pure strike-slip is 
<r',3 = 0. If we assume that one principal stress is 
near vertical, then tr' 2i must also vanish. The hori- 
zontal and vertical shear stresses acting on the 
dipping fault are given by T h = a' 12 sin(5) and 
J ~ (<r'n - ff' 33 )sin(a)cos(5), where 6 is the fault 
dip. Consider the intermediate principal stress (a 2 ) 
to be vertical and the minimum compression (cr 3 ) to 
be at an angle 6 clockwise from x\. The observed 
rake of the slip vector in the Loma Pricta earthquake 
requires that T h = 0 T „; 0^1.4 or 6 = sin 2 (9) 
- sin(e)cos(6)/£cos(8) where the parameter 
<b s (<J 2 ~ VsVivi - ff 3 ) describes the shape of the 
stress ellipsoid. Note that <b > 0, as required bv 
definition, for 6 > tan-'[ l/$cos(5)] ~ 64°. The di- 
rection of maximum compression, consistent with 
the slip vector in the two earthquakes, ranges from 
64° s 6 < 90°. The minimum value of 6 (N16°E) 
occurs when a 2 = cr 3 , the maximum (N42°E) when 
a 2 = a,. 

19. A. G. Lindh, U.S. Geol. Surv. Open-File Rep. 8J-6J 
(1983); L. R. Sykcs and S. P. NishenkoJ. Geophys. 



Res. 89, 5905 (1984); C. H. Scholz, Geophys. Res 
Lett. 12 ? 17 (1985). 
20. H. Kanamori (personal communication) pointed 
out that the two 1985 Nahani earthquakes, M % 6.6 
(October 1985) and M % 6.9 (December 1985)* had 
epicenters only 2 to 3 km apart, coincident after- 
shock zones, and similar focal mechanisms; these 
common features suggest that they either ruptured 
the same plane or ctoseh* spaced parallel planes; R. J. 
Wctmillcr et at, Bull. Seismol. So<. Am. 78, 590 
(1988); G. L. Choy and J. Boatwright, ibid., p. 
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Modern Cyanobacterial Analogs of Paleozoic 
Stromatoporoids 

J6zef Ka^mie rczak and Stephan Kempe 

Recent and subfossil caldfreous structures resembling cystose and subclathrate Paleo- 
zoic stromatoporoids have been discovered in a sea-linked, stratified, alkaline crater 
lake on Satonda Island, Indonesia. The structures are produced by mats of coccoid 
cyanobacteria growing along the lakeshore from the water surface down to the O r H 2 S 
interface located at a depth of 22.8 meters. Calcification of the mats is controlled bv 
seasonal changes in calcium carbonate supersaturation in the epilimnion. The internal- 
ly complex structures are a product of two different calcification processes: (i) periodic 
in vivo calcification of the surficial cyanobacterial layers by low-Mg calcite, and (ii) 
early postmortem calcification of the cyanobacterial aggregates below the mat surface 
by nucrobially precipitated aragonite. The finding supporte-the idea that Paleozoic 
stromatoporoids represent fossilized cyanobacteria (stromatolites). It also implies that 
the stromatoporoid-generating epicontinental seas during the early Paleozoic mav 
have been more alkaline and had a higher carbonate mineral supersaturation than 
modern seawater. I 



STROMATOPOROIDS ARE CALCAREOUS 
marine fossils common in many lower 
Paleozoic shallow-water carbonate 
deposits. The characteristic specimens came 
from Devonian limestones in Germany (7). 
These true stromatoporoids occur in mid- 
Ordovician to lowermost Carboniferous 
(Strunian) rocks. Most of the upper Paleo- 
zoic and Mesozoic fossils ascribed to stro- 
matoporoids are sponges, predominantly 
calcified demosponges known as sclero- 
sponges or coralline sponges (2, 3). They 
differ significantly from the Paleozoic stro- 
matoporoids in their skeletal architecture, 
microstructure, and in the presence of spic- 
ules. Such pseudo-stromatoporoid fossils 
have been usually treated as separate groups 
and have been variously named Disjectopor- 
ida, Sphaeractinoidea, and Spongiomor- 
phida (4). The practice of calling them 
stromatoporoids (3, 5, 6) should be aban- 
doned because it is misleading. 

Paleozoic stromatoporoids have been as- 
cribed to various groups of organisms, in 
recent years to coelenterares (mostly hvdro- 
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zoans) (7) and sponges (particularly sclero- 
sponges) (6*). No conclusive evidence tor 
such affinities has been presented, however 
Stromatoporoids have also been hvpothr 
sized (9) to form from in vivo calcification 
of coccoid cyanobacterial mats comparable 
to certain fossil and recent calcareous stro- 
matolites. This suggestion has been support- 
ed by findings of remnants of coccoid cyan- 
obacteria within skeletal elements of various 
stromatoporoids (10). Because living stro- 
matoporoid-Iike stromatolites have not been 
found, the main question of this hypothesis 
is how the calicifying mats could produce 
the diversified and in many cases quite regu- 
lar patterns that characterize many stroma- 
toporoids. Some workers have suggest 
that these patterns are too advanced to be 
products of prokaryotic organisms (W- 

In this report we describe modern calci- 
fied cyanobacterial mats that closely resem- 
ble certain Paleozoic stromatoporoids 
These mats were discovered in the crate? 
lake on Satonda Island (Indonesia) durinj: 
the Indonesian-Dutch SNELLIUS II E*^ 
dition in November 1984, and we studied 
them in detail during the Indonesian -G^' 
man SONNE 45B cruise in the tall of 
U2). 

Satonda Island, -2 km in diameter 
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Fig. 1. Index map to Satonda Island, Indonesia 



located about 2.5 km offshore Sumbawa 
noithwest of the famous Tambora volcano 
^g- 1). Its central part is occupied bv a 
^gr^lled_crater lake 1.2 bv 0 9 km 
wide. The stiep^lopes of the crater rim rise 
up to 300 m above lake level. The lake is 44 
m deep on average and has a central plain 60 
, to 69 m deep. Satonda volcano has not been 
active for several thousand yean. It was 
however covered by 50 to 80 cm of ash and 
, pumice from the April 1815 cataclysm of 
1 am bora. 

The lake is midwater stratified (12) by a 
pronounced pycnocline at a depth of 22 8 m 
that separates an oxic epilimnion, 12.5% less 
salty than seawater, from an anoxic hypolim- 
nion 4.5% more saline than seawater. The 
oxic layer has a partial pressure of CO, 
(Pco ; ) in equilibrium with that of the atmo- 
sphere (-350 ppmv); whereas, in the anoxic 
*ver, />co 3 increases to up to 240,000 ppmv 

Vc ? X \ ***** mo ^ k »*« 

g*c 8 C values of - 8 .4, -11. 4 , and 
-21.4 ^ PDB (13) from depths of 10, 
W and 60 m, respectively. These negative 
values strongly suggest that the main source 
ortne high /, C0: is organic matter washed in 
g°m the crater rim. Reduction of sulfate to 
m and the production of HCCV or 
gelation of fresh volcanic silicates under 
pn/>co, has increased the total alkalinity in 

lakC „ In ^ c P ilimni °n « reaches 
M to 3.6 meq/kg (the alkalinity of seawater 
.« 41 meq/kg), and it increases to 48 meq/kg 
g£e lake bottom. The at the lakf 
fffecc reaches 8.42, significant^ higher 
gn m normal surface seawater. ThTcon^ 
^withdrawal of CaC0 3 by the calcify- 
!&cyanobacrerial mats has lowered the Ca 
g^tranon to about half and the Mgl 
g^ntration to about 85% of the values m ] 
^ and mcreased the Mg/Ca molar 
|gP to 8 to 9 (the ratio of seawater is 5) 
^« of the high alkalinity and in spite of 
« Ca concentration, the epilimnion is 
supersaturated with respect to car- 
rruncrals: the saturation indices (14) / 

? r olomitc fTab,c j > 

*w m depth, calculated with WATEQ I 
^ inese conditions favor the chemical I 

P^SMBER 1990 ^ 



precipitation of aragonite and low-Mg cal- 
ate (16). The stromatolitic carbonate is 
precipitated nonenzymaticalry, that is, it 
shows the typical shifts of about +5 per mil 
toward higher 8»C values (13 simples 

Pared to dissolved carbonates [-8.4 per mil 

The history of the crater lake and of its 
stromatolites is complex. Beneath the calcar- 
eous mounds we found organic mud; the 
presence of this mud indicates that the crater 
was ongmally filled with fresh water. Wood 
from that layer yielded a "C age of 3920 - 

t JT^ WC MieVe *» « time" 
,K I u aKr **" COlla P scd ««1 ^water 
2 Jh d ^* e remnant of the crater 
wall, which was less than 20 m wide. The 
ake was colonized by marine "gastropods 
(Ocenebra, Nerua, and Cerithium) andT 

Eventually the bottom layer turned anoxic 
and produced excess alkalinity, which prob- 
ably through eddy diffusion significandv 
^hzed the epilimnion. As the lakVbecame 
f^aline, the marine mollusks would have 
t>een forced into extinction quickly. The 
aKaline environment apparently favored the 
growth of calcifying cyanobacterial mats. 
On rocky grounds along the lakeshore, 13 
£ge stromatolitic reefs have been formed 
They are more than 1 m thick and occur as 
ow mounds and irregular crusts forming 
steep ^ partly overhanging walls down to 
the present O r H 2 S interface at depths >23 

nnS C fu ™ ±C Jakc ' s Ww-y was 

uphft of the aland by >1 m after 310 + 50 

ETtF ( C ^ ~ of upliftcd »«* 

!^ 6 f ° rCed ±e ^ Unc o 
recede -100 m and ended the hydraulic 
connection between lake and sea. Input of 
rainwater would have diluted the surface 
layer and established a new pycnocline at 
-dw a;cr dcpths (wnkh pr Xb? v ,m $ e anl 
gradually to ,ts present depth at 22.8 m). 



Today the lake level stands 1.8 m above 
*J highest sea level in the wet season and 
0.8 m above ,t at the end of the dry season 
Dduoon of surface waters by rainfall has' 
enhanced colonization of red algae (Pevsson 
f "* nubeXi S- 

nifera, and serpulids, which, together with 
the coccoid cyanobacteria, form the present 
J«ng reef surface. This association is over- 
grown down to 8 m depth by a thick carpet 

tJ^TTuF™ (siphonoclada- 
eans), which themselves do not calcify. A 
farge populanon of small cerithiid gastro- 
pods (Rhinoclavis sinensis) grazes on the 
q-anobaaena and green algae. Down to the 
O r H 2 S interface the reef surface is densely 

monaxon,d dcmos ^ 

The living surface of the calcified cvano 
bactenal mat has a pustular to cauliflower- 
b*e appearance to a depth of -8 m, whereas 
aeeper, it is almost smooth with occasional 
small protuberances. Analysis with the scan- 
ning electron microscope (SEM) shows that 
Ac mat surface is dotted with numerous fine 
tubercles that are typically located on more 

A rcgu Sr diaributed ,ar S cr ^ 

(F'g. 2, A and B). The living zone of the mat 
is composed of a thin layer of subglobular 
aggregates of coccoid cyanobacteria (Fig. 2 
B and C) which, according to current classi- 
fication (17), can be assigned to the Pleura. 

(Zl^- ^ gdatinous "PStdes 
(sheaths) surrounding groups of \ ivin 

pleurocapsaJean cells are locally covered 
with anhcdral granules of low-Mg calcite 

Ihe weakly permineralized living cyano- 
bacterial layers grade below the surface con- 
Qnously into a massive, finely laminated 
limestone composed of alternating micritic 
and spantic sheets. These are visible in trans- 
mitted light as dark and light laminae, re- 
spectively. In the uppermost 3 to 5 cm of the 
crusts, the laminated structures occur as 
Me nodules and thin interlayers between 
the fohaceous thalli of calcareous red algae 



T ^^^^^^^(Mil^^ ^ ^ « au *™ -^ces (SI) for 




T(*Q 

Sa ^- (per mil) 

Pco2 (ppmv) 
Ca (mmoi/kg) 
Mg (mmoi/kg) 
C-Alk (mcq/kg) 

^Ara 
SIcc 



29.9 


29.9 


30.87 


29.32 


8.42 


8.41 


359 


359 


5.42 


5.15 


42.17 


40.06 


3.47 


3.30 


0.70 


0.66 


0.84 


0.80 


2.8] 


2.74 



25 
29.32 

8.41 
354 

5.15 
40.06 

3.30 
0.62 
0.76 
2.61 



25 
29.32 
8.35 
420 

5.15 
40.06 
3.30 
0.57 
0.72 
2.52 



25 
29.32 
8.30 
482 

5.15 
40.06 
3.30 
0.54 
0.68 
2.44 



29.8 
36.82 

7.27 
12040 

6.47 
50.11 

6.28 
-0.01 

0.13 

1.40 



29.8 
36.82 
8.60 
340 

6.47 
50.11 
6.28 
1.09 
1.23 
3.61 



29.5 
34.37 
8.27 
289 
10.6 
50.11 
1.99 
0.59 
0.73 
2.39 
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B-l (A) An SEM view of the slightly calcified living 

Crater Lake w,rh fine tubercles and larger knobs; depth 9 
m^cjle bar B 500 u«. (B) Magnification of (A) showlie 
frbte capsules (sheaths) of the pleurocLaJeanTu 
aggregates fbrmmg the mat and a few spicules of the 
£°naxorud sponp (Suberic sp.) patehi? overgrow^ 
fao2^ ° h ?2f n ^ scale bar is 100 ^ (C) SJ 
faffnmt of the above showing details of the livmg surilce 
rfAe pleurocapsalean mat; scale bar is 30 tun. (D) vS 

ous coccoid cywobacterial buildup (rniaostromatoUte) 
from Satonda Crater Lake. The lighter aragonitic layers 
alternate w.th darker calcitic layers irange^a cvstose w 

poroids. Arrow indicates cross section of a filament of 
^.honodadalean algae encrusted by cyanobaae^aTcar 
bonate, sample was at water level; scale bar is 250 jun. 

Farther down, the limestone is composed 
entirely of variously sized, elongated, and 
irregularly twisted laminated bodies min- 
gled into a hard, massive rock. The center of 
each laminated body is occupied by typically 
one or rarely two or three empty, cylindrical 
tubes, 90 to 220 urn in diameter (Fig. 2D) 
The size and shape of these tubes indicate 
that they are molds of siphonodadalean 
thalli and are essentially similar to the fila- 
ments of Cladophoropsis associated with the 

SUrfaCe - ^ Centrai P° sirion of *e 
tubes in the laminated structures indicates 

that the siphonodadalean filaments original- 
ly formed the growth base of the laminated 
encrustations. 

The dark laminae are much thinner (15 to 
50 |un) than the light ones (20 to 300 jun) 
and are arranged in a subhorizontal to sub- 
cystose or cystose manner (Fig. 2D) At 
junctions between neighboring cysts, sub- 
vertical to vertical column- and pillar-like 
structures occur; the latter typically has a 
characteristic spool-like shape (Fig 3A) 
Analysis by SEM and energy-dispersive x- 
ray mapping of EDTA-etched sections re- 
vealed that the dark and light laminae differ 
fundamentally both in microstrucrure and 
mineralogy. The dark laminae display an 
irregularly porous microstrucrure and are 
composed of low-Mg calcite, whereas the 
light ones are compact and made of fibrous 
aragonite (Fig. 3C). 

"The SEM analyses demonstrate that the 
subfossil laminated bodies are calcareous 
stromatolites (microbialircs) produced by 
coccoid cyanobacteria identical to those 
forming the mat surface today. Remnants of 
*ese cyanobacteria are still identifiable in 
the dark as well as in the light laminae. In 
tte dark laminae, clusters of coccoid micro- 
fossils representing capsules or molds of 
capsules of pleurocapsalean cvanobacteria 
are seen embedded in a granular, calcitic 
matrix (Fig. 3C). Similar if not identical 
capsules are known from other modern and 
fossil stromatolites (10, 18). In the light 
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laminae, residues of the outer common 
sheaths (glycocalyx) that surround the coc- 
coid cell aggregates in vivo can be identified 
in only a few samples. With careful etching 
of the aragonite laminae with EDTA, how- 
ever, the traces of a continuous mass of 
coccoid aggregates became visible. These 
traces form rounded depressions that corre- 
spond in size and distribution to the better 
preserved pleurocapsalean aggregates from 
the dark laminae. This observation provides 
evidence of a uniform microbial origin of 
the entire stromatolitic structure. 
We suggest that the following events lead 



a 9 " 3 ^ A ).y« rtical (transmitted light) of 

,t C ^7 PT ° f a calcareous microstromato- 
bte from Satonda Crater Lake. I, shows stromato- 
poroid-hke arrangement of the darker calcitic 
components among which skeletal elements like 
cysts, laminae spool-like pillars, and thicker col- 
jwins typ.cal of many Paleozoic stromatoporoids 
can be distinguished; sample was at wateVlevel- 
*ale bar „ 00 am. (8) Eriarged micrograph of 
Ae above illustraung the mineralogical and^ex- 

T nc f betwcen ** » ™ ('°"-Mg 

cijw) and early postmortem (aragonite) pcrmin- 
eralized cocco.d cyanobacterial mat. Numerous 
filaments of saprotrophic fungi are visible in the 
aragonitic layer; scale bar is 50 um. (C) SEM 
photomicrograph (vertical section, EDTA etch- 
ing) of the contact between the calcitic and arago- 

n^T^ SnOWn m < B >- Note the well- 
preserved capsules of pleurocapsalean cvanobac- 
teria in the granular calcitic lamina and the fibrous 
ZTm "T^™* lamin a- Scale bar is 5 

u- ( 7 r p,cturc < vertica) section, EDTA 
etching) of an aragonitic lamina from the speci- 
men shown , mi (B). Arrow indicates remnant of an 
almost totally decomposed coccoid cvanobacterial 
aggregate in the dense network of filaments of 
decomposing fungi and bacteria; scale bar is 25 



to the observed laminated microstrucrure 
( p ig- 4). First, the cyanobacteria grow to 
dome-like aggregate a few hundred micro- 
meters thick. Then the outer layer is miner- 
abzed in vivo by low-Mg calcite. Decav of 
the now encased inner aggregates bv sulfate 
reduction increases the alkalinity beneath 
the calcitic cyst and triggers crystallization of 
aragonite. Thus the aragonite preserves 
largely decayed cell aggregates in contrast to 
the in vivo rxrnrdneralized aggregates in the 
calcite layer. The interpretation of the arago- 
nite as postmortem precipitate is substanti- 
ated by the occurrence of threadlike struc- 
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P *» (fig. 3, B and D) that 

anaerob.c decay. CaJcification as a cZ£ 
||-mcc of anaerobic decomposition b yZ 
fete reduction ,s a well-known process be- 
ir tew the zone of photosynthesis TZcrn 
c yanobaCTeriaJmats(7P) 
This model does not, however, answer 

: ^ for Q ™ and what triggers 

~ ST W a> L (2?) - Prions in supcrsa" 
. ^on can be caused by changes uTthree 



^ « r r , , ' rco,, ana the conccn- 

^^Z° fdKCA and W-.Saton^ 
| has nvo seasons: a cool rainy season and a 

J St!^ 01 ^ 8 * e rain -V season 1 
f * could ^ T b) ' ~* ^ Md the epilimnion 
IS ""J 1 * by about 5% Th c iZ 

mto t,?T ""f" ° r8anic d * ris -ashed 
^e lake produces a temporary increase 

I We have caJculated the effects of varia- 
t£«S« • caJcuJ ations show that su- 
^decd be lowered to values comparable to 

t TumTn" ^-turatioS 
£ ™ } ' t0 Valucs apparendy 

,*> not sustain in vi vo calcification Q f the 
|yanobactenaJ mat. Under a reduced super 
^mraoon, cyanobacteria might grow ^J. 

^r^^ ^^nt calcite pre- 
apitaocn (Fig. 4A). With warming and 

&-oT "P 0 " 0 ™*™ (at about 

Wd * V SUrpa ^ d 30(1 « precip- 

£ated at the mat surface (Fig 4B) 

| The calculations are valid only for the 

^p^?r y formcd < howcv «, before 
!>* E? r ?P Jlm * u ° n -as established. Ex- 
|« chem lcal conditions at that time are 

1L« * f prCSCnt Pyowdine rep- 

fSL^^" epi,imnic watcr > « <^ 

m Saturation at atmospheric 
^ (Table 1, columns 7 and 8) The 

CS" 8 "V"™*™*** are large and 

JESrs spontancous carbonaK p- 

lS ? ,n P«w«wrions are the 
^quence of a few hund^d years of 
^J' mcrease caused by sulfate reduc- 
EPn and by dissolution of carbonate parti- 
S linking mto the anoxic bottom lam 
demons for the present epiUramc 
^persaturaaons may be strong enough to 



cause the observed lamination in the cyano- 
bactenai buildups. ^ 
JJe tcxniral patterns observed closely re- 
s^ble those described in many p2o!c 

ISS?™ 8 ' ^ CySt ° SC ' systole, and 
tt sojomatoporoids charaaer^ing 
*e uutal, Ordovician, and the final, Fam 
men^-Strunian, periods in the history^f 
st>mT P ' ^**»*" samples indude 
r<i' t j Pseudos 'ylod>ctyon (22, 24, 2S) or 
tounan examples include forms described 

similar to those occurring in Satonda stro- 
m^tes have .also been described fror^ 
earl, Proterozo.c marine stromatolites (29) 
and Quaternary lacustrine microbial tuffas 

The dark 1^^ of the Satonda micro- 

Paleozo lc stromatoporoids, whereas the 
Jght laminae may correspond to interskek- 
tal spaces. In fossil stromatoporoids th e 
spaces are filled with sparry fcj£<*i£ 
Aat most hkely originated from diLnrtc 
»» formaaon of primary aragonite or rel 

«mainmg „ the cyanobacterial mats afte" 
Ae decay of the noncalcified coccoid agl 
gates. The presence of primary aragoE 

studies on authigen.c quartz indusions in 



Living coccoid aggregates 
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ST™ Atfi"*- and Stro^opora 
{J J>- mcgaquanz crystals have ZJ. 

STdt m ^™ stromaXrtS 

pf es fi. J"^ B ""^ ^*dosed 
spaces filled w,th organic material that^ 

^ d ^^ : All these observadS 
« m agreement with the interpretation of 
«romatoporoid morphogenesis I^ aLe 
WJar stellate pattern? (the sSed^ 

SfST } ° CCUmng m ^ strornaropc^. 
oids (2#) are not present in the SatondaX 
The abundance of molds of filaments otJ' 

_ studied mdicate, however, that such oaT 
»ns could be easily producedCSds^ 
^edtnamofsin^algaeoZe^^ 
^^cyanobaaerialmat " 
The speacs-poor biota of the mildly aika- 
Jne Satonda Crater Lake parallels the Lwor 
eve^ex^melylowdiversitybiouasscSa^ 
1 TT VC SCrom «oporo,d banks 
and mounds that characterize the Silurian 

conclude that a similar increase in aSuW 
= panied by changes in the JSS 
composmon may also have caused tcmpoS 
-povenshment of normal manne^ 

ScS^^ devd °P— of in S 
calofymg stromatoporoid-like cyanobacter- 

^as. All cyanobacteria are alkaliphilic micro- 
orgamsms (34), and their abundance cT£ 

alkaline. At Satonda Crater Lake ri,, 

^ requires, m addition to increased alka- 
Jniocs, fluctuations in CaC0 3 supersatura- 
^ levels. The widely accepted Sof 

S?>^. 0r , S,UgJ1Sh ^ Paleoz oic seas 
(ii) unply mat similar condidons 

produced stromatoporoids there. Deeper 
baSms of *ose epicontinental 

nation ofirwatcJ~w^ 
systems, could have periodically invLeSf 
hallow areas and generated high CaCo' 

^atu^non levels mat promo^ the for- 
maoon of stromatoporoid stromatolites 
The penodic changes in CaC0 3 supersamS-' 
tion combmed with other changing envi 

tenal growth such as 0 2 and POj- iJel 
«mperature, and light intensities could ate 
the organ.z.oon of cyanobaaerial colonic 
^produce a p.ethora of mat configura 

A large number of texrural patterns have 
^ produced by the tempo^ ™ 
calcifymg mats. On the basiTof these 3 
tures, taxonomists have designareToveV . 
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2000 species of Paleozoic stromatoporoids 
(36). Compared to their Satonda counter- 
parts, the Paleozoic stromatoporoids are 
characterized by generally thicker growth 
increments and more regular textures that 
sometimes show almost perfect superposi- 
tion of pillars and columns. This texture 
could have been caused by a larger temporal 
and spatial persistence of regular fluctua- 
tions in the Paleozoic seas compared to the 
hydrochemically less stable and geologically 
short-lived Satonda Crater Lake. 

Stromatoporoids apparendy survived the 
Frasnian-Fammenian crisis arid became ex- 
tinct during the lowermost Carboniferous 
(Strunian). Their disappearance has been 
mostly attributed to ocean cooling or mete- 
orite impact (37). From our studies on 
Satonda stromatolites we suggest that a 
worldwide decrease in alkalinity and in car- 
bonate mineral supersaturarion following 
the Fammenian oceanic turnover (38) may 
better account for the fading of stromato- 
poroid stromatolites from the late Paleozoic 
geological record. 
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Simulation of Tsunamis from Great Earthquakes on 
the Cascadia Subduction Zone 

Max K.-F. Ng, Paul H. Leblon p,* Tad. S. Murty 

I^ge earthquakes occur episodically in the Cascadia subduction zone. A numerical 
u^J* ^ T ? ^ ^ the hazards of a tsunami generated bv a 

^t^K^^ ° f magnitUde 8 * 5 ^ rupture of the northern 

sections of the subduction zone. Wave amplitudes on the outer coast are closelv related 

£^ ^T 1 ° fsea ; bottom displacement (5.0 meters). Some amplification, up to a 

^ ^ S ° mC COastaJ Payments. Wave amplitudes in the protected 

fifrh f °I ^ SOUnd and Strait of G ^ are predicted to be only about one 
nltn of those estimated on the outer coast. 



The Cascadia subduction zone is 
the area where the Juan de Fuca plate 
and smaller adjacent plates slip below 
the North American continent (Fig. 1). The 
possibility of a massive earthquake in this 
area has recendy been recognized (7). A 
seismic sea wave, or tsunami, would be a 
major risk associated with such an event. In 
mis report, we present calculations that 
quantify this risk and allow identification of 
the factors that would determine flooding 
levels along the adjacent coast. 

A critical element in tsunami modeling is 
the nature of the initial sea-level displace- 



ment that starts the wave. Because the rup- 
ture takes place on a rime scale thar is short 
compared to the response time of the oeein 
waters, the sea-surface displacement, whu"h 
causes the tsunami, is practicaJlv identical n» 
that of the sea bottom. Geophysical argu 
ments (2) suggest that a vertical uplift or" 5 m 
of the ocean bottom along the deform***"* 
front, decreasing linearJv to zero at the foa^ 
line, is possible during a large earthqua*f 
We have modeled only the rupture of tf* 
northern sections of the Cascadia subd* 
tion zone (north of 48°N). A mxxim^ 

earthquake magnitude of 8.2 is estima^ 
c ~- " ■ - ar** 
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K.-F. Nc and P. R LcBlond. Department of Ocean 
■aphy, University of British Columbia, Vancouver 
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for rupture of each of the Winona ^ 

Explorer segments and of about 8.5 
simultaneous rupture of all segments nort 
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of48°N (Fig. 1). 
Tsunami propagation from an 
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Microbial biomineralization in natural environments 



F. G. Ferris* 



Abstract Microorganisms contribute to the precipitation of a tremendous range of miner- 
als in natural environments. This phenomenon is 'known as microbial biomineralization. 
The importance of microbial biomineralization stems not only from the great diversity of 
environments that are populated by microorganisms, but also arises from their distinctive 
physiology and unique cellular structure. For example, microbial sulfate -reduction is the 
major source of sulfide in anaerobic sediments where low temperature (ca. <100°C) precip- 
itation of metal sulfides occurs. At the same time, microorganisms exhibit a profound 
ability to bind metallic ions, and this allows cells to serve directly as nucleation templates 
for the precipitation of authigenic mineral phases. There are many examples of microbial 
biomineralization in modern environments, and there is abundant evidence that similar 
processes contributed to thegenesis of some mineral deposits in the past. Frequent docu- 
mentation of microbial biomineralization in environments disrupted by mining or other in- 
dustrial activity indicates further that mineral precipitation by microorganisms may be a 
sensitive indicator for environmental change. 



1 Introduction 

The precipitation of minerals by living organ- 
isms is a widespread phenomenon that is gener- 
ally referred to as biomineralization (Lowen- 
stam and Weiner, 1989)-. Familiar products of 
biomineralization in eukaryotic plants and ani- 
mals include various types of shells, bones, and 
teeth ; however, biological mineral precipitation 
is not carried out by higher organisms alone. 
Many prokaryotic microorganisms (i.e., bacte- 
ria) are potent catalysts of biomineralization, 
and contribute to the formation of a tremendous 
range of minerals (Beveridge, 1989). In this re- 
gard, microbial biomineralization is not a triv- 
ial affair . 

The significance of microbial biomineraliza- 
tion is emphasized by the fact that microorgan- 
isms are the most abundant life form on earth 
and live in an unparalled variety of environ- 
ments (Ferris and Beveridge, 1985). Microorgan- 
isms exist where there is liquid water up to 
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temperatures of about 110 °C , and thrive in the 
harshest environments from the high Arctic to 
the depths of the oceans and porous terrestrial 
strata (Stetter, 1982 ; Yayanos, 1986 ; Johnston 
and Kipphut, 1988 ; Ghiorse and Wilson, 1988). 
Moreover, microbial life is as old as the geolog- 
ic record, stretching back at least 3-8 billion 
years (Schidlowski, 1988) . The implications of 
these observations are clear. Microbial biominer- 
alizaiton is important on a global scale and has 
helped shape the planet throughout geological 
time. 

H The Early Earth and 
Microorganisms 

The earth is estimated to have taken form 
about 4. 2 to 4. 4 billion years ago, and the first 
components of a biosphere probably developed 
shortly thereafter. Althougth there are no rocks 
from this early epoch, fossilized stromatolites 
are common in Archean sediments (Walter, 
1983). These organo-sedimentary structures nor- 
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mally appear as laminated organic-rich cherts 
and siliceous carbonates. The fine layering and 
upraised conical or dome shapes are in many 
ways comparable to modern microbial mats 
that grow in a variety of modern aquatic envi- 
ronments (Stolz and Margulis, 1984) . Among 
the Archean stromatolites, the oldest are from 
the Onverwacht group in South Africa and 
Warawoona group in Western Australia 
(Awramik et al, 1983 ; Awramik, 1986). These 
benchmark formations are of unequaled impor- 
tance in that they document the presence of rel- 
ativelycompiex microbial communities well into 
the past. 

The occurence of fossilized stromatolites in- 
creases dramaticially in progressing from 
Archean to Proterozoic sediments. These more 
recent stromatolitic assemblages are distin- 
guished by abundant cellularly preserved mi- 
crofossils that are generally absent from their 
Archean counterparts (Awramik, 1971; Awramik 
and Barghoorn, 1977), This apparent increase in 
microbial biomass about 2. 5 billion years ago is 
commonly taken to be a result of the develop- 
ment of facultative oxygenic photoautotrophs (i. 
e\, primative cyanobacteria). These ancient 
photosynthetic microorganisms, using water as 
a source of reducing power, must have been 
highly competetive and probably quickly domi- 
nated the biosphere (Fay, 1992). At the same 
time, the activity of these microorganisms initi- 
ated a tremendous period of environmental 
change on Earth. 

The small initial amounts of atmosphereic 
oxygen were most likely involved in oxidation 
reactions with exposed crustal minerals (Schle- 
singer, 1991). The oxidation of reduced miner- 
als, such as pyrite <FeS z X is thought to have 
contributed to the deposition of oxidized iron in 
sedimentary formations known as Red Beds. 
The earliest occurence of Red Beds around 2. 0 
billion years ago is approximately coincident 
with the latest deposition of Banded Iron For- 
mations. This provides compelling evidence 
which suggests chat the development of a stable 



oxic atmosphere was delayed until the oceans 
were cleared of reduced metals because of mi- 
crobial production of oxygen. The oxidative pre- 
cipitation of iron in the Precambrian has been 
cited as a form of microbial biomineralization 

(Laberge, 1973) ; however, there is considerable 
debate on this point. Even then, when the rate 
oxygen of evolution finally exceeded its rate of 
consumption by the oxidation of reduced sub- 
stances, O w started to accumulate in the atmo- 
sphere towards its present day level of 20% 

(Schlesinger, 1991). Also, with the build-up of 
an oxygen-rich atmosphere, obligate aerobic 
microorganisms developed by the end of the 
Proterozoic (Fay, 1992), 

HI Microorganisms and 
Mineral Formation 

Minerals that develop in association with mi- 
croorganisms can be treated as being auto- 
genic in origin. This essentially involves the pre- 
cipitation of ions from an overs aturated solution 
(Leeder, 1982). Basically, the overall process 
can conveniently be divided into two stages, nu- 
cleation and crystal growth. Distinctions be- 
tween the two stages can in turn be made 
based on the energy changes associated with - 
crystallization, and causative physicochemical 
conditions that contribute to authigenic process- 
es (Berner, 1980). 

In general terms, nucleation represents an 
activation energy barrier that inhibits or blocks 
the spontaneous formation of a solid phase from 
a supersaturated solution (Berner, 1980). If the 
concentration of ions in a solution gradually in- 
creases and exceeds the solubility product of a 
solid mineral phase, insoluble precipitates will 
not form until a certain degree of supersatura- 
tion has been reached. Stable nuclei can only 
develop after the activation energy required -to 
form a new interface is overcome by the energy 
released as a consequence of bond formation in 
the solid phase. The process during which the 
maximum free energy is attained is known as 
nucleation, and involves the growth of critical 
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mally appear as laminated organic-rich cherts 
and siliceous carbonates. The fine layering and 
upraised conical or dome shapes are in many 
ways comparable to modern microbial mats 
that grow in a variety of modem aquatic envi- 
ronments (Stolz and Margulis, 1984) . Among 
the Archean stromatolites, the oldest are from 
the Onverwachi group in South Africa and 
Warawoona group in Western Australia 
(Awramik et al t 1983 ; Awramik, 1986). These 
benchmark formations are of unequaled impor- 
tance in that they document the presence of rel* 
ativelycomplcx microbial communities well into 
the past. 

The occurence of fossilized stromatolites in- 
creases dramaticially in progressing from 
Archean to Proterozoic sediments. These more 
recent stromatolitic assemblages are distin- 
guished by abundant cellularly preserved mi- 
crofossils that are generally absent from their 
Archean counterparts (Awramik, 1971; Awramik 
and Barghoorn, 1977). This apparent increase in 
microbial biomass about 2. 5 billion years ago is 
commonly taken to be a result of the develop- 
ment of facultative oxygenic photoautotrophs (£. 
2., primative cyanobacteria). These ancient 
photosynthetic microorganisms, using water as 
a source of reducing power, must have been 
highly competetive and probably quickly domi- 
nated the biosphere (Fay, 1992). At the same 
time, the activity of these microorganisms initi- 
ated a tremendous period of environmental 
change on Earth. 

The small initial amounts of atmosphereic 
oxygen were most likely involved in oxidation 
reactions with exposed crustal minerals (Schle- 
singer. 1991). The oxidation of reduced miner- 
als, such as pyrite (FeS 3 ). is thought to have 
contributed to the deposition of oxidized iron in 
sedimentary formations known as Red Beds. 
The earliest occurence of Red Beds around 2. 0 
billion years ago is approximately coincident 
with the latest deposition of Banded Iron For- 
mations. This provides compelling evidence 
which suggests that the development of a stable 

( 60 



oxic atmosphere was delayed until the oceans 
were cleared of reduced metals because of mi- 
crobial production of oxygen. The oxidative pre- 
cipitation of iron in the Precambrian has been 
cited as a form of microbial biomineralieation 

(Laberge, 1973) ; however, there is considerable 
debate on this point. Even then, when the rate 
oxygen of evolution finally exceeded its rate of 
consumption by the oxidation of reduced sub- 
stances, 0 ? started to accumulate in the atmo- 
sphere towards its present day level of 20% 

(Schlesinger, 1991). Also, with the build-up of 
an oxygen-rich atmosphere, obligate aerobic 
microorganisms developed by the end of the 
Proterozoic (Fay, 1992). 

IH Microorganisms and 
Mineral Formation 

Minerals that develop in association with mi- 
croorganisms can be treated as being auto- 
genic in origin. This essentially involves the pre- 
cipitation of ions from an oversaturated solution 
(Leeder, 1982). Basically, the overall process 
can conveniently be divided into two stages, nu- 
cleation and crystal growth. Distinctions be- 
tween the two stages can in turn be made 
based on the energy changes associated with 
crystallization, and causative physicochemical 
conditions that contribute to authigenic process- 
es (Berner, 1980). 

In general terms, nucleation represents an 
activation energy barrier that inhibits or blocks 
the spontaneous formation of a solid phase from 
a supersaturated solution (Berner, 1980). If the 
concentration of ions in a solution gradually in- 
creases and exceeds the solubility product of a 
solid mineral phase, insoluble precipitates wili 
not form until a certain degree of supersatura- 
tion has been reached. Stable nuclei can only 
develop after the activation energy required -to 
form a new interface is overcome by the energy- 
released as a consequence of bond formation in 
the solid phase. The process during which the 
maximum free energy is attained is known as 
nucleation, and involves the growth of critical 
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nuclei which are unstable relative to resolution. 
When the critical nucleus is formed, continued 
increases in the number of ions or atoms is ac- 
companied by a decrease in free energy. This 
process goes on spontaneously, and is known as 
crystal growth. 

Nucleation may occur either homogenously or 
heterogeneously (Berner, 1980), In homogeneous 
reactions, critical nuclei are formed simply by 
random collisions of ions or atoms in solution. 
Conversely, heterogenous nucleation involves de- 
velopment of critical nuclei on surfaces of for- 
eign solids which catalyze nucleation by reduc- 
ing the activation energy barrier. The surface of 
the heteronuclsus may be viewed as a template 
of similar atomic spacing that promotes miner- 
al precipitation. Favorable heterogenous nucle- 
ation templates typically possess sites where 
strong surface chemical interactions occur (i.e., 
adsorption or bonding). 

The activation energy barrier to nucleation 
can be reduced by lowering the interfacial ener- 
gy of the solid phase, and/or increasing the de- 
gree of solution supersaturation. Supersaturation 
levels may be regulated, to a certain extent, by 
the metabolic activity of microorganisms. For 
example, growth of ammonia generating, den- 
itrifying, or sulfate-reducing bacteria may pro- 
mote an increase in solution pH which is more 
supportive towards the precipitation of carbon- 
ate minerals (Berner, 1971). Conversely, interfa- 
cial energies can be lowered by the presence of 
organic surfaces that promote chemical bonding 
at the nucleation site (Mann, 1988). 

Much of organic matter in natural environ- 
ment exists as small colloidal aggregates of 
highly cross-linked hetcropolymeric material 
(Beveridge et aL, 1983). At least some of the 
more durable polymeric networks are derived 
from the cell walls and external sheaths of 
bacteria (Philip and Calvin, 1976). These cellu- 
lar structures are not only very resistant to 
degradation, but also possess reactive anionic 
sites that can adsorb dissolved metallic ions 
and, under favorable geochemical conditions, 

( 
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promote mineral precipitation as expected for a 
surface induced lowering of the interfacial ener- 
gy of the solid phase. 

Crystal growth involves transport of ions, 
atoms, or molecules to the surface of a crystal 
and various surface reations. such as adsorp- 
tion, dehydration, ion exchange, etc, . that re- 
sult in incorpoation of the ions into a crystal 
lattice (Berner 1980). The rate of crystal growth 
may be limited by either transport, surface 
chemical reactions, or by a combination of both 
processes. The implications of transport and 
surface chemical reactions for crystal growth in 
microbial biomineralization are not particularly 
well understood ; however, bacteria are so small 
that a low Reynolds number of about 10" 5 ap- 
plies to them (Beveridge, 1989). This means 
that microorganisms cannot outswim their local 
aqueous environment. Instead, they drag it 
around with themselves, no matter how fast 
they move. Consequently, microorganisms rely 
entirely on diffusion for their subsistence and 
live in a microenvironment that may be chemi- 
cally quite different than the bulk aqueous 
phase. Thus, mineral phases may be precipitat- 
ed by microorganisms in an environment where 
otherwise unfavorable geochemical conditions 
seem to prevail. 

Microbial biomineralization is obviously a very 
complex phenomenon that can proceed . in a num- 
ber of different ways. For example, metal 
cations can be precipitated directly from solu- 
tion as a result of microbial metabolic activity. 
This happens on the inside, outside, or even at 
some distance way from cells (Beveridge, 1989). 
Indirect bacterial mineral precipitation as a con- 
sequence of regional geochemical conditions is 
also possible and involves passive epicelluar 
crystal nucleation and growth on the outside of 
bacterial cells. This later process can be at- 
tributed to the inherent metal-binding capacity 
of anionic structual polymers in the cell wails 
and external sheaths of bacteial cells (Bev- 
eridge, 1989). In natural environments, passive 
and active microbial biomineraluation often oc- 

) 



2002 12:09 PM FR 



TO 17033084512 P.0 



236 

cur simultaneously and are not easy to distin- 
guish as separate processes ; however, as shown 
in this paper there arc many examples of mi- 
crobial supported mineralization in modern en- 
vironments, and there is abundant evidence that 
similar kinds of processes contributed to the 
formation of some mineral deposits in the 
past. 

IV Phosphogenesis 

Accumulations of phosphate minerals com- 
monly occur in both ancient and modern sedi- 
ments deposited in shallow near shore marine 
environments under high biological productivity 
(Dahanayake and Krumbein, 1985 ; Glenn and 
Arthur, 1988). The formation of phosphate min- 
erals in these environments arises from a series 
of complex biogcochemical reactions in which 
phosphate is initially supplied to sediments and 
then to interstitial pore waters via microbial 
degradation of phosphate-rich organic matter 
Subsequent inorganic phosphate precipitation 
generally leads to the development of irregular 
rims and coatings of fine grained micritic min- 
eralization on preexisting- hard substrates, in- 
cluding organic matter derived from microbial 
cells (Southgate, 1986) (Fig.l). In this way, 
organic matter serves in phosphogenesis not on- 
ly as a vehicle by which inorganic phosphate is 
supplied to sediments, but also as a substrate 
upon which phosphate preferentially nucleates. 

Phosphate beds that occur in sequences of 
laminated carbonates and chert of the Upper 
Cretaceous-Lower Eocene Mishash Formation of 
Isreal provide compelling evidence for the dual 
role of microorgnisms in phosphogenesis(Soudry 
and Champtier, 1983). Paieoenvironemtal analy- 
ses of the Negev phosphorites suggest that they 
were deposited on the shelf of a receding epicon- 
tinental sea in association with partly degraded 
decomposing cyanobacterial mats. In many ar- 
eas, dense apatite overgrowths occur on the fos- 
silized remains of cyanobacterial sheaths along 
with fragmented phosphatide colonies of coccoid 
bacterial cells infilled with apatite. The same 
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pattern of mineralisation has been observed in 
the Djebel-Onk microbial mat generated phos- 
phorites near the Algeria-Tunisia frontier, and 
within phosphatidic carbonates of the Georgina 
Basin, Australia (Dahanayake and Krumbein, 
1985 ; Southgate, 1986). These close associations 
between fossilized microbial structures and 
phosphate mineralization clearly indicate that 
bacterial cells, and their organic remains, act 
nuclcation sites for phosphate precipitation. 

V Carbonate Precipitation 

The majority of recent carbonate sediments 
are formed in marine environments. They are 
found throughout the oceans where they are 
closely associated with regions of upweliing 
along mid-ocean ridges and continental shelves 
(Leeder, 1982). The predominent carbonate 
minerals in these sediments are the CaC0 3 poly- 
morphs calcite and aragonite. Recent shal- 
low-water tropical and subtropical deposits con- 
sist mostly of aragonite and high-magnesium 
calcite, whereas temperate shallow-water de- 
posits contain predominantly calcite. This differ- 
ence in the oceanic distribution of carbonate 
minerals has been attributed to high levels of 
magnesium in warmer tropical waters, for this 
metal severely retards the precipitation of cal^ 
cite. 

Bacteria have been implicated as causative 
agents for carbonate precipitation in a number 
of laboratory investigations (Krumbein, 1974 ; 
Krumbein. 1979). In these experiments, the 
bacterial cells actually functioned as nucleation 
elements for the formation of aragonite and 
high magnesium calcite. These minerals first 
deveveloped on the surfaces of the bacteria and 
not in the cells, as expected for a direct chem- 
cial precipitation of cell-bound calcium or mag- 
nesium. Similar patterns of carbonate 'mineral- 
ization are commonly observed in association 
with microbial mats from various intertidal 
zones. Fossilized remnants of these stratified 
microbial communities are also widely dis- 
tributed in silicified carbonates from the Pre- 
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Fig. 1 . Thin -section transmission electron micrograph of a bacterium partially encrusted by 
uranium phosphate microcrystals. The specimen was prepared by firsi exposing the 
bacteria to an aqueous uranyl acetate solution, The cell -bound uranyl ions were 
subsequently precipitated by suspending the cell 3 in a eolution containing potassium 
phosphate ( bar = 500nm). 



Cambrian era (Knoll, 1985). 

High-magnesium calcite peloids are commonly 
found in cemented marine carbonate accumula- 
tions from quiet water lagoons and microcavi- 
ties in reefs (Chafete, 1986). These peloids are 
elliptical to spheroidal bodies 20 to 60 mm in di- 
ameter with crystalline dentate rims. The nuclei 
are generally fine grained and often contain fos- 
silized clumps of bacteria encased within an- 
hedral micron-sized crystals of high-magnesium 
calcite. In contrast, the euhedral crystalls rim- 
ming the peloids are larger and devoid of or- 
ganic matter. This difference in the degree of 
crystaUinity between the peloid nucleus and 
rims presumably reflects different rates of pre- 
cipitation. A rapid precipitation of calcite initiat- 
ed by bacteria probably accounts for the small- 
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er anhedral crystals of the nuclei, whereas the 
rim developed more slowly after a complete min- 
eralization of the bacteial cells. Fossilized 
clumps of bacteria have also been found in 
silt-sized particles from freshwater travertine 
deposits (Chafetz and Folk, 1984). 

Partly consolidated deposits of carbonate sedi- 
ment occur in many tropical and subtropical 
marine intertidal zones. These deposits are com- 
monly known as beach rock and develop as 
uniform layers or partially eroded masses at 
the sediment-water interface (Leeder, 1982). 
Spherical carbonate particles called ooliths are 
often found in these formations, particularly 
where strong tidal currents come about (Loreau 
and Purser, 1973), The oolUhs normally range 
in diameter from 0. i to 1. 5 mm with alternating 
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laminations of aragonite and org-anic matter. 
The nature and precise origin of these lamina- 
tions are not welly understood ; however, mi- 
croorganisms have been implicated in the for- 
mation of some oolitic structures (Dahanayake 
and Krumbein, 1985). Moreover, carbonate pre- 
cipitating bacteria can be isolated from beach 
rock formations (Krumbein, 1979). 

The role of photosynthetic cyanobacteria in 
the formation of calcareous microbialite (throm- 
bolite) deposits in an alkaline freshwater lake 
has recently been evaluated (Thompson et al., 
1990 ; Thompson and Ferris, 1990). In this 
study, a pure culture of Synechococcus sp.' was 
isolated from homogenized actively growing 
material from the thrombolite and inoculated 
into cold filter-sterilized lake water. Sequentially 
progressive epicellular biomineralization of gyp- 
sum, calcite (Pig. 2), and magnesite was ob- 
served by transmission electron microscopy. 
Measured changes in the chemistry of the inoc- 
ulated lake water were consistent with the ob- 
served pattern of biomineralization (Thompson 
and Ferris, 1990). Gypsum was initially precip- 
itated on the surface of Synechococcus because 
of the binding of calcium cations and the pres- 
ence of high sulfate concentrations in the lake 
water. Then cellular precipitates of calcite and 
magnesite developed as the pH of the lake wa- 
ter increased owing to the photosynthetic 
metabolism of the cyanobacterium . A similar 
pattern of biomineralization involving mats of 
coccoid cyanobacteria from the Pleurocapsa 
group may account for the growth of enormous 
tower-like (ca. 40m high) microbialites from al- 
kaline ( P H > 9. 7) Lake Van in eastern Anato- 
lia, Turkey (Kempe et al. f 1991). 

VI Metal Sulfides and Associated 
Paragenetic Minerals 

The precipitation of sulfide minerals during 
low temperature diagenesis involves a number of 
interdependent biological and geochemical 
events. Dissimilatory bacterial sulfate reduction 
is the major mechanism by which sulfide is 

( 



produced in modern anoxic sedimentary envi. 
ronments (Berner, 1980). This process is carried 
out by a widely distributed group of anaerobic 
bacteria that energate energy for growth by 
coupling the oxidation of simple organic mo- 
lecules to the reduccion of sulfate (Pfenning, 
1989). Sulfide minerals are generally precipitat- 
ed as a direct result of bacterial sulfate reduc- 
tion. Patterns of sulfur isotope fractionation in 
many sedimentary sulfide deposits are consis- 
tent with this form of biomineralization, and 
support the bacteriogenic origin of reduced 
sulfur (Trudinger et al, 1985). 

In fine-grained anoxic sediments, sulfide min- 
erals are frequently found to be in close associ- 
ation with high molecular weight organic mate- 
rials. A number of studies suggest that the for- 
mation of organometallic complexes directly in 
natural environments plays a vital role in the 
transfer of metallic ions into sulfide phases 
(Forstner, 1982).,, This perception is strength- 
ened by results from direct microscopic exami- 
nations of marine and to a lesser extent fresh 
water sediments. In these environments, metal 
sulfides are commonly precipitated on the sur- 
faces of bacterial cells (Degens and Ittekkot, 
1982 ; Ferris et aL, 1987 b) (Fig. 3). The for- 
mation of sulfide minerals on the outside sur- 
faces of bacteria can be attributed to an uptake 
and retention of metallic ions. In actuality, the 
bacteria serve as nucleation templates because 
they efficiently concentrate the metals before 
they react with bacterigenic sulfide. There is 
further experimental evidence which implies 
that metallic ions bound by bacterial cells tend 
to be more chemically reactive toward sulfide 
than when they are in solution (Mohagheghi et 
ah, 1985). 

The most important environmental parameter 
controlling sulfide production in natural sedi- 
ments is the availability of low molecular 
weight organic molecules that can be easily 
metabolized by sulfate-reducing bacteria (Pfen- 
ning, 1989 ; Jorgensen, 1982). For this reason, it 
is not suprising to find that mineralized zones 

) 





section transmission electron micrographs of Syn^chococcu, 
( acyanobactcnum ) with cell surface deposits, indicated 
gypsum and(B)ealcit 0 ( bars = 500nm). 



by arrows. 
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of copper, lead, zinc, and iron frequently occur 
in association with stromatolitic formations, For 
example, the Woodcutter's deposit in the North- 
ern Territory of Australia developed in a shallow 
water restricted basin where bacterial degrada- 
tion of dense microbial mats and activity of 
sulfate-reducing 1 bacteria caused a coprecipitation 
of lead and zinc sulfides along with precursors 
of the host dolomite rock (Roberts, 1973). Simi- 
lar accumulations of metal sulfides are found in 
fine-grained organic-rich maine shales that were 
deposited under conditions of high biological 
productivity in shallow oxygen-free, sulfide-rich 
basins (Raiswell and Berner, 1986). 

During sulfate reduction in sediments organic 
matter is consumed as sulfide, phosphate, and 
metabolic carbon dioxide are released to the 
pore water system (Berner, 1971), Because sul- 
fide is a comparatively strong base, it readily re* 



acts with metabolic carbon dioxide to form the 
much weaker base HC0 3 -. This increase in the 
concentration of carbonate alkalinity may cause 
the equilibrium ion product for calcium carbon- 
ate to be exceeded. If this happens, precipitation 
of calcium carbonate can occur. Similarly, if 
the concentration of phosphate in the sediment 
pore water system becomes sufficiently hig-h, 
phosphate minerals can precipitate. Thus, it is 
not surprising that pyrite formation in marine 
sediments is nearly coincident with the precipi- 
tation of carbonate and phosphate minerals 
(Glenn and Arthur, 1988), Typically, paragenet- 
ic carbonate phases tend to become more pre- 
dominant with depth, as might be expected 
from increasing alkalinity and depletion of sul- 
fate caused by bacterial sulfate reduction at 
deeper levels in the sediment. 

The formation of many sedimentary uranium 




Pig. 3 . A thin-section profile showing small electron dense metal sulfide deposits ( arrows ) 
on the mcmbnxngus remains of a bacterial cell in a metal contaminated lake 5cdi. 
ment from Sudbury, Ontario, Canada ( bar = 500nm). 
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ores has been attributed to the reduction of rel- 
atively soluble uranyl ions - U (VT) -to insolu- 
ble uranium (IV) oxides and silicates by aque- 
ous sulfide species (Mohagheghi et al., 1985). 
This implies at least an indirect role for sul- 
fate-reducing bacteria in the genesis of some 
sediment hosted uranium deposits. ; however, 
detailed laboratory growth studies with Desul- 
fovibrio desulfuricans show that sulfate reducing 
bacteria have an influence on uranyl ion precip- 
itation beyond the simple production of sulfide 
reductant. A number of microorganisms, includ- 
ing D. desulfuricans and some Fe (III) -reducing 
bacteria, are now known^to be directly capable 
of enzymatically reducing U (VT) to U (IV) 
(Lovley et ai, 1991 ; Lovley and Phillips, 1992), 
Enzymatic reduction of U (VI) proceeds much 
faster than nonenzymatic reduction of U (VI) by 
sulfide, and rapidly brings about extracellular 
and epicellular precipitation of uraninite. These 
observations are consistent with recent descrip- 
tions of uranium - and sulfide-mineraiized mi- 
croorganisms in peat bog and flood plain silts 
of mudflats along Solway Firth in southwest 
Scotland (Milodowski et al, 1990). 

VII Iron and Manganese Oxides 

Bacteria that oxidize iron or manganese are 
widely distributed in nature and have been 
studied extensively (Ghiorse, 1984). The growth 
of these microorganisms is typically accompa- 
nied by the development of cell surface deposits 
of Fe (III) or Mn (IV) oxides. This extracellu- 
lar deposition of iron or manganese depends 
strongly on the production of anionic metal 
binding surface polymers by the bacteria (Fig, 
4 ). At times, fresh isolates of ferro manganese 
depositing bacteria lose their ability to oxidize 
Mn (II), suggesting thac the process is actively 
catalyzed by enzymes which the microorganism 
produces. In contrast, the ability to accumulate 
Fe oxides is usually not lost because Fe (II) 
oxidizes spontaneously at neutral pH in the 
presence of oxygen. Thus, iron depositing bacte- 
ria only have to hind the reduced metallic ion 
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or hydrous cationic colloidal forms to precipi- 
tate iron oxides. 

Fossil structures that resemble modern ferro- 
manganese depositing bacteria have been found 
in laminated black cherts from the Gunflint 
Iron Formation (Laberge. 1973) ; however, there 
is some doubt that the formation of massive 
Precambrtian iron formations can be attributed 
entirely to microbial metal precipitation. Nev- 
ertheless, electron microprobe and analytical 
electron microscopic studies have demonstrated 
that significant amounts of iron are associated 
with fossil bacteria (Laberge, 1973 ; Tazaki et 
al, 1992). In addition, more recent naturally 
occuring iron oxides commonly contain organic 
matter, and accumulate in environments favor- 
able for the growth of bacteria (Yapp and 
Poths, 1986 ; Ferris et al, 1989b), 

In an electron microscopic study of sediments 
receiving acid drainage from mine tailing and 
coal refuse impoundments, individual bacterial 
cells were prominent as nucieation sites for the 
development of iron oxide mineralization. The 
bacteria were not only serving as templates for 
the deposition of iron, but their organic re- 
mains were being trapped and incorporated into 
the mineral precipitates during crystal growth 
(Ferris et aL> 1989a ; Ferris et al., 1989b) (Fig. 
5 ). There are numerous acidophilic bacterial 
genera and species present in acid mine drain- 
age environments, including some that acquire 
energy for growth from the oxidation of Fe 
(II), such as Thiobacillus ferrooxidans. On the 
other hand, many are conventional heterotrophs 
which utilize organic compounds to grow (Har- 
rison, 1984), This later group of bacteria are 
not usually viewed as being capable of directing 
the precipitation of iron ; however, the iron min- 
eralization in the acid mine drainage sediments 
was not associated with any specif c morphologi-" 
cal group of bacteria, and commonly developed 
on the organic remains of dead cells (Ferris et 
al, 1989a ; Ferris et al, 1989b). The implication 
is that bacteria, regardless of trophic classifi- 
cation or physiological state, are indeed capable 
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of serving as passive nuclcation elements Tor 
iron oxides in sediments. 

Microbiological precipitation of magnetite is 
now known to proceed in two different ways, 
Dissimilatory Fe (III) reducing bacteria living 
in anaerobic sediments can convert amorphous 
ferric oxide to magnetite by coupling the re- 
duction of iron to the oxidation of organic com- 
pounds. In this case, the magnetite precipitates 
are deposited extraceUularly and the crystals 
have the typical octahedral shape for magnetite 
(Lovley et aL, 1987). Conversely, magnetotactic 
bacteria produce a morphologically distinct vari- 
eties (i.e., hexagonal prisms, cuboidal, or tear 
drop crystals) of magnetite intracellularly in a 
membrane-bounded structure that is called a 
magnetosome (Blakemore, 1982 ; Towe and 




Fig. 4. A manganese oxide encrusted bacterial 
cell in a thin -section of a hot spring 

microbial m«t Trpm Yellowstone Nation- 



al Park. Wyoming. USA ( bar = 500nm). 
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Moench, 1981 ; Mann et aL, 1984) (Fig. 6 ). The 
magnetite crystals inside magnetotactitic bacte- 
ria also have a unique size distribution, rang- 
ing- in length from 0.05 to, 0.3 mm (Towe and 
Moench. 1981). This has facilitated the recogni- 
tion of magnetite crystals from magnetotactic 
bacteria in soils, sediments, and ancient stro- 
matolites (Chang et aL, 1989 ; Fassbinder et aL, 
1990 ; Stobs et aL, 1986). Microbial biomineral- 
ization of ferrimagnetic iron sulfide minerals 
(e.g., greigite, Fe 3 S<) in magnetotactic bacte- 
ria inhabiting brackish, sulfide-rich sediments 
has also been documented (Farina et aL, 1990 ; 
Mann et aL, 1990). 

The formation of marine manganese nodules, 
freshwater and hotspring manganese precipi- 
tates and desert varnish has been attributed to 
manganese oxidizing bacteria (Ehriich and Zap- 
kin, 1985 ; Mustoe, 1981 ; Ferris et al., 1987 a ; 
Ehriich, 1974). Also, the development of at least 
some of the manganese oxide deposits that 
arise near deep ocean hydrothermal vents can 
be attributed to the activity of manganese oxi- 
dizing bacteria (Ehriich, 1983) In addition, re- 
cent studies show that bacteria cells scavenge 
manganese in hydrothermal plumes at a dis- 
tances at least 7 km away from the vent source 
(Cowen et aL, 1986). This later observation sug- 
gests that bacteria play an important role in 
precipitating manganese over large areas in the 
oceans. 

VIE Siliceous Minerals 

The influence of bacteria on silica precipita- 
tion and authigenic clay formation has always 
been an interesting, but difficult problem in 
microbial biominerali2ation. In any event, high 
molecular weight humic substances are some- 
times incorporated into clays (Wang and 
Huang, 1986). Moreover, fossil remnants of 
bacterial cells are commonly found in cherty se- 
quences of siliceous carbonates as well as sand- 
stones, siltstones, and shales (Knoll, 1985). 
These observations suggest that sites of diage- 
netic siiicification and clay formation are apt to 




Thin -section electron micro e raphs of bacterial cells with surface deposits of 
(A) amorphous ferrihydrite and (B) microcrystallinc hematite in acid mine 
drainage sediments ( bars = 250nm). 
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be found in sedimentary environments where 
relatively high concentrations of organic matter 
accumulate. 

Direct examination of terrestrial acidic hot 
spring sediments by analytical transmission 
electron microscopy has revealed bacterial cells 
in successive stages of mineralization by amor- 
phous iron-silica crystallites (Ferris et aL, 
1986). The iron was probably bound by the an- 
ionic surface polymers of the bacteria, whereas 
the silica crystallites presumably developed from 
mono^or polysilicic acid that was hydrogen 
bonded to available hydroxyl groups. Similar 
epicellular deposits of silica on bacterial cells 
have been reported in laboratory experiments 
(Birnbaum and Wireman, 1985 ; Ferris et aL, 
1988) (Fig. 7 ). These data not only confirm 
that bacteria are capable of precipitating silica, 



but also provide an explanation for the close as- 
sociation between early diagenetic silica and or- 
ganic matter derived from microorganisms in 
Precambrian sedimentary formations. 

Cell surface deposits of a complex iron-alu- 
minum-siiicate have been found on bacterial 
cells growing in a metal contaminated lake sed- 
iment (Ferris et aL, 1987). These precipitates 
ranged from a poorly structured granular mate- 
rial to a more well developed crystalline phase 

(Fig. 8). Selected area electron diffraction 
patterns and energy dispersive X-ray spec- 
troscopy suggested that this polymorphic 
iron-aluminum-silicate was chamosite [(Fe 5 Al) 
(Si 3 A!) O, 0 (OH)*]. The exact role of bacteria 
as nucleating elements for an iron-rich limonitic 
clay can be understood in terms of their ability 
to immobilize metallic ions. Hydrous iron-alu- 



Fig. 6. The remains of a ma^netotactic bacterium with internal tear-drop shaped magnetite 

partus ( arrows ) ia . whole mount of & ^ ^ * ' 

sediment near Sudbury, Ontario. Canada ( bar = 2S0 nm ). 
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Fig. 7. Thin-section electron micrographs of iron silica crystallites de- 
posited on the surface or bacteria in (A) a hoi spring sediment 
from Yellowstone National Park, Wyoming, USA ( bar - 1. 0 
mm ) and(D)an experimental laboratory simulation ( bar-500nm). 
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minum-silicate species could be precipitated di- 
rectly by dissolved silicic acid from metals 
complexed by the cells, or alternatively, cation- 
ic colloidal Species formed initially in the sedi- 
ment pore water systems could be bound. These 
processes, either separately or together, would 
account for the formation of a gel-like phase 
from which the crystalline forms typically 
evolve during structural rearrangement and lay- 
er growth in the solid state (Amouric and Per- 
ron, 1985). 

Glauconite is a common potassium-containing 
iron-aluminum-silicate that frequently occurs in 
organic rich marine sediments where phospho- 
geneis takes place (Glenn and Arthur, 1988). In 
these systems, glauconites are generally precip- 
itated early with phosphate, pyrite, and carbon- 
ate precipitation taking place at progressively 



deeper levels in the sediment in association with 
microbial sulfate reduction. This paragenetic se- 
quence signifies a change from oxidising condi- 
tions to a more strongly reducing environment 
that favors the reduction of iron and its precip- 
itation as pyrite during bacterial sulfate reduc- 
tion. In this context, the development of glau- 
conite, is thought to be related to partial mi- 
crobial reduction of Fe (III) under mildlly re- 
ducing conditions. Also, it is conceivable that 
the bacteria act in a dual role as nucleation ele- 
ments for glauconite precipitation. 

IX Concluding Remarks 

Microbial biomineraluation has contributed to 
the formation of a tremendous range of sedi- 
mentary mineral deposits. The development of 
such bacteriogenic mineral deposits is usually 
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Fi ff .8.A thin- S cctio« electron micrograph of a bacterial cell v,ith surface depots of a con, 

olrTr alU 7 n " m - silicat *- T *° Specimen ™ obtained fro ra a lake near Sudbury 
Ontario. Canada ( bar = 250nm ) y ' 
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explained in terms of geologic time : however, 
laboratory investigations indicate that bacteria 
are capable of supporting high rates of mineral 
precipitation. For example, cultures of bacteria 
isolated from marine beachrock have been 
shown to precipitate up to 4.7 mg. L" 1 . hr* 1 of 
calcite (Krumbein, 1979). Simple calculations 
suggest that approximately 1.8x 10* tonnes of 
calcite would be precipitated at this rate of 
mineral precipitation over 1000 years in a shallow 
(i.e., 5,0m depth) 1 km 2 body of water. While 
this unreasonably assumes a uniform distribu- 
tion of calcite precipitating bacteria, constant 
rate of mineralization, and no dissolution of 
calcite, the implications are clear. Microbial 
biomineralization is not a trivial affair, particu- 
larly if one considers that bacteria live in virtu- 
ally every kind of environment on Earth where 
liquid water is freely available. It is also inter- 
esting to note that many examples of microbial 
biomineralization come from environments that 
have been disrupted by mining or other indus- 
trial activity. At the same time, some of the 
best examples of microbial biomineralization in 
the geological record come from the Precambri- 
an era, a period in Earth's history that is re- 
known for environmental change. The picture 
that emerges from these considerations is in- 
triguing. Microbial biomineralization may be a 
sensitive indicator of trends in global environ- 
mental change. This interesting possiblity gives 
grounds to believe that microbial biomineral- 
ization must be studied in greater detail, par- 
ticularly in view of current concerns about the 
deteriorating condition of our planet. 
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Microbial Mofltms were grown on strips of epoiy-lmprffntted fitter paper wbmerged at four sites (n water 
contaminated with metals from mtm waste*. At two aamplt stations, tht water waa addle (pll 3.1)1 tha other 
tltei were In a take restored to a near ncotraJ pH level by application of a crushed limestone shirry. (feting a 
I7.week study period, pUnktonk bacterial counts Increased from I0» to 10» CFU/ml at afl sttea, BWUm counts 
Increased rapidly over the first 5 weeks and then leveled to I0 4 CFU/em* In the nevtraJ pH system and 10* 
CPU/cm* at the addle rites, Is* each case, tht MofUms hound Mn, Fe, Nl, and Ca hi excess of the ammmts 
adsorbed by control strips covered with nylon fitters (pore die, 0.22 »im) to e*ctu6> microbial growth; Co 
bound under neutral conditions but not under addle conditions. Conditional adsorption capacity couatastfs, 
obtained graphically from the data, showed that Nofttm metal uptake at a neutral pH level was enhanced by 
op to 12 orders of magnitude over aridk conditions. Similarly, adsorption strength values were usually higher 
at elevated pH levels. In thin sections of the Mofttms, encapsulated bacterial cells were commonly found 
enmeshed together In mkrorotonfet. The extrecettular polymers often contained Iron ©aide prectptutes which 
generated weak electron dlft>ection patterns with characteristk reflections for fferrihydrtte <Fe,0, ■ H t O) at 4 
equaling 0.15 and 0.25 nm. At neutral pH levels, these deposits Incorporated trace amowrta of SI and ethfbited 
a granular morphology, whereas aricular crystalloids containing S developed under addle conditions. 



The behavior of dissolved metals in natural bodies of 
water is strongly influenced by particulate inorganic and 
organic material (23, 39). Hydrous metal oxides (31, 38). 
clays (35), humlc substances (22, 26, 36). and biota (23, 28) 
are all capable of binding metallic Ions from solution. This 
effectively enhances the partitioning of metals into sedi- 
ments and contributes to authigenic mineral formation dur- 
ing the course of diagenesis (16. 33). Of the various metal- 
complexing agents in aquatic systems, microorganisms and 
their constituent polymers ore among the most efficient 
scavengers of metallic ions. For example, planktonic micro- 
bial foims have been implicated in metal (i.e.. Fe and Mn) 
uptake wlihln hcrizontaily advected hydrothermnl plumes 
along the East Pacific Rise and southern Juan de Fuca Ridge 
(10, U). Similarly, soluble totals are bound by the capsular 
material which often surrounds bacteria associated with 
sedimentlng colloidal particles in freshwater lakes (32). 
Certainly, a few specific natural microbial metal interactions 
(i.e., those of the Iron* and manganese-depositing bacteria) 
hove been well studied (19, 20). but unfortunately most of 
our Information concerning general microbial immobilization 
of metals comes from short-duration laboratory experiments 
on isolated bacterial cell walls and extracellular polymers (3. 
37). For this reason. It Is important to develop a better 
understanding of the reactivity between metallic ions and 
natural microbial populations. 

The formation of nontransient adherent communities (i.e., 
biofilms) of microorganisms on submerged surfaces is com- 
mon in both freshwater and marine environments (17. 18, 30. 
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41). These attached microbial populations benefit from the 
enriched nutrient status of solid-liquid interfaces and may be 
more active In terms of metabolic activity than their plank* 
tonic counterparts (15). Previous studies have used micro- 
bial surface colonization for in situ growth (6), nutrient 
uptake (29). and biomass determinations (34). A similar 
approach is taken in this investigation on interactions be- 
tween metals and microorganisms in their native environ- 
ment. Biofilms were grown on strips of epoxy^mpregnated 
filter paper strips submerged in water contaminated with 
metals from mine wastes. At regular intervals over a 17- 
week study period, samples were analyzed for adsorbed 
metal and cxnmined by electron microscopy. The results 
showed that microbial biofilms are not only capable of 
binding *»<mlftcant quantities of metallic Ions under natural 
conditions but they also serve as templates for the precipi* 
tution of insoluble mineral phases. 



MATERIALS AND METHODS 

Site description. Metal adsorption studies by adherent 
microbial populations were conducted within acidic and 
neutral pH environments of the Moose Lake watershed at 
Onaping. northwest of Sudbury, Ontario. Canada. Above 
Moose Lake, mine drainage and casual water seep through 
waste rock and then pass over and through two mill tailing 
ponds, v\z of which is still active (Fig. 1). Acid conditions 
are generated in these areas by the oxidation of pyrrhotite 
(FeS, ,,) and other metal sulfides present in the mine wastes. 
The acidic metal-loden waters, some of which pats through 
Cranberry Lake, eventually collect in Upper Moose Lake. 
Upon entering Lower Moose Lake, the water is treated with 
a crushed limestone slurry to restore circumneutral pH 
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FIO. 1. Mop of Moose l-nke urea showing (petition of sumpte 
site*, Fniser mine, treatment dam, tind toiling impoundments 
(shaded areas). 



conditions and reduce downstream dissolved metal concen- 
trations. 

Snmple stations were established at four sites in the last 
week of April 1987 (Fig. 1). Anchored buoys were placed in 
the south end of Cranberry Lake (site Al) in 6.0 m of water 
and near the discharge of Fraser Mine Pond (site A2) at a 
depth of 3.0 m. The pH level at both sites was 3.1 and 
remained constant over the sampling season. Similarly, 
buoys were anchored in areas of Lower Moose Lake 5.0 to 
6.0 m deep, above (site Nl) and below (site N2) a narrow 
channel separating two arms of the lake. At these sites, the 
pH level wos more variable but stayed within a range of 6.5 
to 6.9. Also, during the first 8 week.:, surface water temper- 
atures at the four sample stations increased from near H°C to 
a stable level of approximately 15°C. Temperature and pH 
levels were determined whenever samples were collected 
(see below). 

Sampling procedures. Strips of Whatman no. 1 filter paper 
(Fisher Scientific Co.) were impregnated with an epoxy resin 
(Epon 812; CanEM), cured, and mounted in plastic Gene 
35-mm photographic slide binders (5.0 x 5.0 cm). Control 
slides were prepared by sandwiching the support strips 
between 0.22-u.m Nylon 66 micron Miters (Schleicher and 
Schuell, Inc.) to inhibit microbial penetration to the support 
strips. A UV laminar flow cabinet was used at all times to 
reduce exogenous contamination of the slides. Test and 
control slides were threaded onto separate lines attached 
firmly to weighted plastic hangers. These were subsequently 
suspended 1.5 m below the anchored buoys at each sample 
station. 

After an Initial In situ incubation of 1 week and at 
approximately 5-week intervals thereafter, paired sets of 
slides were carefully recovered from each of the sample 
stations. In each case, the slides were aseptically placed into 
sterile petri plates for immediate transport to a Meld labora- 
tory. At the same time, water samples were collected with 
4.0-llter acid-leached and autoclnved polypropylene bottles. 
All samples were prepared for analysis within an hour of 
being collected. 

Enumeration of bacteria. Sterile scalpels were used to cut 
three 1.0-cm 1 samples from the test and control strips. Of 
these specimens, two were retained for metal analyses and 
electron microscopy; the remaining squares were transferred 



directly into sterile tubes containing 4.0 ml of M-9 snlts 
(OlltCO) adjusted to pit 5.0 or 7.0 for the acidic and neutral 
pH stations, respectively. A comblnalion of mechanical 
disruption with a sic rile stainless steel spatula, homogeniza- 
tion in a water bath sonicator, and vortex ing was used to 
disperse attached bacteria. By phase microscopy, we could 
not see any bacteria remaining attached to the support strips. 
After serial dilution of each suspension in M-9 sails, plates 
were prepared in duplicate with minimal medium (M-9 salts 
supplemented with 1.0% |wl/volI glucose and 0.5% lwt/vol| 
yeast extract) adjusted to the appropriate pH Irvel. Dilutions 
of each water sample were also prepared to enumerate 
plunklonic bacteria. After incubation at 2<FC for 3 weeks, all 
plates with fewer than 300 colonies were counted to estimate 
viable heterotrophic bacterial population density values. In 
addition. Gram stains of cells from individual colonies were 
made to determine the distribution of attached or planktonic 
grarn-positive and gram-negative bacteria. 

Metal analyses. Specimens from both control and test 
strips were placed into 30-ml acid-leached polypropylene 
bottles containing 1.0 ml of 2.0% (vol/vol) HNO, (Fisher). 
Each square was leached for 2 weeks at 2(PC before dilution 
to 10.0 ml with high-resistance (ca. 5 Mil/cm) dclonized 
distilled water, Water samples were also transferred to 
polypropylene bottles and acidified with nitric acid to a final 
concentration of 0.2% (vol/vol). A Perkin-Elmer model 2280 
atomic absorption spectrometer operating in the graphite 
furnance mode was used to determine sample concentrations 
of Mn, Fe ? Co. Ni. and Cu. The instrument was routinely 
calibrated with corresponding J. T. Baker metal standards. 

Data analysis. Biofilm metal adsorption isotherms were 
graphically constructed by using an empirically derived 
version of the James-Healy model for metallic ion interac- 
tions at solid-liquid interfaces (24). The original equation 
takes the form of a Freundlich isotherm and relates metal 
adsorption to elect roslutic surface potential. Under condi- 
tions of constant ionic strength, surface potential varies 
directly with charge density which, in a biofilm, should be 
proportional to the number of attached cells. If ionic strength 
is assumed to be constant, a logarithmic relationship be- 
tween biofilm metal adsorption and population density can 
be established; log F, - 1/0, loglCFUJ - pAT,. where V, is 
micromoles of metal / bound per cm 2 , 0, is an index of the 
adsorption strength, |CFU1 is CFU per cm 2 (an estimate of 
the total numtwr of attached cells), and X, is a conditional 
adsorption capacity constant expressed as micromoles of 
metal / adsorbed ;w CFU. The biofilm metal adsorption data 
were fit to this equation by linear least-squares regression 
analysis. 

Electron microscopy. Thin wedges cut from ihr specimen 
squares were transferred to polypropylene tubes containing 
1.0% (vol/vol) glularaldchyde (CanEM) in water from the 
corresponding sample stations. In this way, the attached 
microorganisms were fixed for electron microscopy under 
conditions similar to those experienced in situ. The samples 
were subsequently dehydrated through an ethanot-propylcne 
oxide series (both chemicals were from Fisher) and embed- 
ded in Epon 812 (CanEM). A Reichert-Jung Ultrncut E 
ultramicrotomc was then used to cut sections of co. 150-nm 
thickness perpendicular to the wedge surfaces. Duplicate 
sets of thin sections were prepared from each specimen and 
mounted on Formvnr carbon-coated copper or aluminum 
grids; one of the grids was routinely stained with uranyl 
acetate and lead citrate. The unstained grids were imaged 
directly in the electron microscope relying on the metals 
complexed in the native environment for electron contrast. 
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The thin-.tec'^ncd specimens were examined with cither a 
Philips EM 300 at 60 kV or a Philips EM 400T at 100 kV. The 
EM 400T was equipped with a ncnnnlng trnn*mlft*ion eiec- 
inm microscope unit, poniometcr Mage, ond on EDAX 
cneiRy-dUpersive X-ray spectrometer interfaced to a Tracer 
Northern scries 5500 multichannel annlyxer. Both electron 
mlcrtwcope* were operated with liquid nitrogen-cooled an- 
((contamination device* In place nt all limes. Energy disper- 
sive X-ray spectroscopy was conducted by using electron 
beam spot si7.es of ?00 nm or less, and spectra were obtained 
by collecting counts for 100 s (live lime). In some samples, 
selected aien electron diffraction was used to examine min- 
eral precipitates. The rf-spaclng of selected-area electron 
diflrnction patterns was calculated with evaporated alumi- 
num as a standard for camera-length calibrations. 



RESULTS 

Biofilm growth. The planktonic a»id adherent heterotro- 
phic bacterial population density values for each sample 
station arc plotted in Fig. 2. At cich site, there was a 
significant hut variable increase in cell counts over the study 
period. In contrast, bacteria were not detected on any of the 
control support strips (I.e., those covered with 0.22-u.m-pore 
nylon filters) until week 11. The number* of bacteria on the 
controls at that time ond alter the last sampling were 10- to 
100-fold lower than corresponding values from the freely 
exposed test strips (data not shown). 

Of the four sample stations, acidic site Al in Cranberry 
Lake (Fig. 2C) had the highest initial counts of both plank- 
tonic and attached bacteria. This observation suggests that 
the concentration of free-living bacteria plays an important 
role in determining the initial rate of microbial surface 
colonization. After week 1, however, the growth rates of the 
attached bacterial populations appeared to be independent of 
their planktonic counterparts. The curves for the adherent 
bacteria were generally hyperbolic as expected for systems 
controlled primarily by cellular adsorption and growth, 
coupled with a concomitant emigration of daughter cells (ft, 
27). In contrast, the free-living bacteria exhibited sinusoidal 
population curves which are more characteristic of microbial 
population responses to seasonal warming. 

The general pattern of biofilm growth was the same for the 
two neutral pH sites (Fig. 2. A and B), After a rapid increase 
in cell numbers over the first 5 weeks, the biofilm growth rate 
decreased progressively until the last sampling when a 
population densty of 2.0 x 10 4 CFU/cm 1 was recorded. 
Similarly, the number* of attached bacteria at the acidic 
stations increased in parallel with one another (Fig. 2. C and 
D). However, a marked decrease in growth rate was ob- 
served after week 5. with final population density values 
reaching levels of only 4.0 x 10* CFU/cm 1 . The lower 
numbers of attached bacteria found at the acidic sites 
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suggest that attachment and growth are stressed by low pH 
ievels and possibly by high dissolved metal concentrations. 

Direct examination of all biofilm by phase-contrast light 
microscopy revealed small ocherous precipitates (>1.0 iun 
in diameter) and some remnants of diatom frustules. Distinct 
bacteria were difficult to directly Image against the back- 
ground of the epoxy-impregnated strips. At the neutral pH 
stations, filamentous cyanobacteria were occasionally ob- 
served with rarely more than a single filament present in one 
field of view. Eucaryotic algae were not observed in these 
samples; however, small motile unicellular algae (possibly 
CMamydomonas species) were found on some samples from 
the acidic sites. Periphytic grazing protozoans were not 
encountered on any of the biofilm strip*. Oram stains of cells 
from Individual I arterial colonies randomly selected from 
the dilution plates from each site throughout the season 
(both in the water and on the biofilm strips) revealed that 
gram-negative bacteria accounted for 75 to 80% of the 
bacteria. 

Metal retention. The mean aqueous metal concentration 

values for each sample station over the 17-week study period 



TABLE 1. Mean aqueous metal concentration! for the sample stations over the 17-week study period 







Mean concentration * Sl> Wm\ |ppm|r of: 






St ot k*n 


Mn 


Ve 


Co 


Nl 


Cu 


Nl 
N2 


0.A3 1 0.14 
0.32 ± 0.1ft 


2.71 ± 0.67 
12.5ft ± 5.41 


0.0H 4 0,02 
0.03 t. 0.04 


2.10 * 0..V) 
2.0* * 0.4ft 


0.02 ± 0.01 
0.02 ± 0.01 


Al 

A2 


l.M ± 0.02 
3.57 X O.ftO 


37.23 1 I5.H1 
62.50 * 22.62 


0.20 ± 0.11 
5.76 ± 2.76 


5,57 t 0.72 
62.02 ± 30.R7 


0.21 ±0.11 
1.74 ± 0.65 
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1 HUE 7 Amount of mclnl odwrhed by control *urfbce* ond biofllm* after 17 week* of In thu IneuhnHon 







Mean aim 


s Sl> of Indicated mttal adutHvd Intern V 




Mn 


Pt 


Co 


Nl 


Cu 


NI-C 
NIB 
N2-C 
N2B 


0.15 ± 0.01 
0.17 ± 0.04 
0.06 ± 0.02 
20.09 ± 0.10 


269.50 t 29.90 
5.145.00 at 198.06 

238.50 ± 29.05 
11.596.00 ± 23H.45 


0.05 * 0.01 
0.05 * 0.02 
0.07 ± 0.02 
0.25 ± 0.17 


0.26 ± 0.04 
1.98 ± 0.01 
0.24 ± 0.09 
11.52 3t 0.36 


0.09 * 0.03 
0.81 ± 0.10 
0.23 t 0.01 
2.18 ± 0.13 


Al-C 
Al-B 
A2-C 
A2-B 


0.06 * 0.05 
0,1ft ± 0.01 
0.09 * 0.02 
0.10 ± 0.02 


48.60 ± 9.50 
994.40 * 137.09 
9.55 * 1.65 
50.00 4 21.25 


0.01 ± 0.01 

NB' 
0.03 ± 0.01 

NB 


0.14 ± 0.03 
0.07 ± 0.02 
0.18 ± 0.05 
0.69 ± 0.31 


0.01 t 0.01 
0.16 ± 0/4 
0.06 ± 0.01 
0.09 + 0.02 
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are summarized In Table 1. Iron was the most abundant 
metal species at all sites, accounting for up to 83 mol% of the 
Ave assayed transition metals. Consecutively lower levels of 
nickel, mangnncsc. cobalt, and copper were recorded, with a 
3- to 100-fold concentration decrease for all metals in the 
cfrcumneutral pH system. Of the two acidic sites, station A2 
had the highest aqueous metal concentrations. This reflects 
the small sire, upstream location, and limited dilution of 
Froser Pond by casual runoff. In contrast, similar concen- 
trations of manganese, cobalt, nickel, and copper were 
found at both neutral pH stations. However, approximately 
four times more iron was found at site N2. Since Lower 
Moose Lake tends to become partially meromictic during the 
summer months, site N2 was probably shunted in or near an 
upwelling current of Iron-rich anoxic water from the chemo- 
cline. 

The Wofllms bound each metal species, with the exception 
of cobalt under acidic conditions, in excess of the amounts 
adsorbed by the corresponding control surfaces (Table 2). 
Metal adsorption was enhanced at neutral pH values, par- 
ticularly at site N2 where a thick (ca. 1.0-mm) coating of 
iron-oxide precipitates developed throughout the biofilms. 
Such ocherous deposits were not evident on the control 




strips and formed only thin biofilnvassociated accretions at 
the other sample stations. 

A set of metal adsorption Isotherms for the biofllms at site 
Nl are shown in Fig. 3. Similar plots were obtained with data 
from the other sample stations. In each case, regression 
analysis yielded straight lines with correlation coefficients of 
0.98 to 0.99. These Freundlich-type isotherms provided 
estimates of the conditional metal-binding capacity con- 
stants (X t ) for the biofllms and an index of adsorption 
strength («,) for each metal species (Table 3). The lower pX, 
values at stations Nl and N2 show that biofilm metal 
adsorption was enhanced by up to 12 orders of magnitude 
over the two acidic sites. Also, the adsorption strength 
values associated with the metals were usually higher at 
elevated pH levels; iron was the only exception and exhib- 
ited similar 0, values at all sites. These trends indicate that ' 
microbial biofllms are more efficient scavengers of metals 
under neutral pH conditions. 

Blofllm mineralization. Microcolonies of encapsulated bac- 
teria were commonly found in stained thin sections of the 
biofllms (Fig, 4). The extracellular polymeric material sur- 
rounding the cells typically exhibited a fibrous structure and 
often contained an abundance of iron-rich precipitates. In 
specimens from the two neutral pH stations, these deposits ' 
were distinguished by a gronulnr appearance, whereas 
cfunps of acicular crystalloids developed under acidic con- 
ditions (compare Fig. 4A and 4B). Both types of miner- 
alisation generated diflUse prismatic diffraction bands, with 
characteristic reflations for ferrihydrite (Fe,0, > /tH,0) 
centered on d equaling 0.25 and 0.15 nm. However, energy- 
dispersive X-ray spectroscopic analyses revealed distinct 
differences in trace clement composition between the two 



TABLE 3. Biofilm metnl ad sorption capacity constant* ond 
adsorption strength values 



log CFu / cm* 

FIO. 3. Blofllm metal odtorption Isotherms for Mn (A). Fe <•). 
Nl (♦), and Cu (■) under neutral pH conditions at ultc Nl. 



Metal 






Value* round in Motion: 








Nl 


N2 




Al 




A2 


°, 


pX, 




°, 


px, 




P*. 


Mn 


2.04 


4.71 


1.47 3.21 


0.25 


17.08 


0.32 


13.85 


Fe 


1.16 


2.09 


1.08 1.63 


1.06 


2.39 


1.28 


3.23 


Co 


0.96 


7.66 


0.80 7.87 


Nn- 


NB 


NB 


NB 


Ni 


1.82 


3.98 


1.41 4.08 


0.63 


8.34 


0.75 


6.67 


Cu 


2.24 


3.31 


2.08 3.58 


0.42 


11.38 


0.58 


9.09 



'Nl Not bound. 
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FIO, 4. TronfimUskm electron micrographs of atelned thin Kccllonii ehowlnfl minerolired hocte rial mlcmcotonteo (n btefilmfl (torn wmfAe 
Motions N2 (A) and Al <B). Insets ohow correnporcilno Detected area e led rem diffraction pattern* for the femhydrite precipitates (bars. 500 
nm). 



types of femhydrite precipitates (Fig. 5). Th se which 
formed ot neutral pH values contained Al, Si, and CI as 
minor indigenous element impurities, whereas S was incor- 
porated under acidic conditions. 

The direct examination f unstained specimens provided 
electron-scattering profiles f microcolonies in early stages 



of mineralization. In these micrographs, individual cells 
typically appeared as ghosts enmeshed in on electron opaque 
mntrix containing small crystallites (Fig. ftA). Energy -disper- 
sive X-ray spectroscopy showed that iron was the principle 
source of contrast inherent to these specimens. Further- 
more, a close association between the fibrous capsular 
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polymers surrounding the bacteria and the nascent ferrihy- 
drite precipitates could be discerned after staining (Fig. 6B). 
This confirmed that the attached bacteria served directly as 
nucleatlon sites for thc precipitation of Iron. 

DISCUSSION 

The plate counts for attached and planktonic heterotroph- 
ic bacteria were generally similar to those obtained in other 
aquatic environments stressed by metal-laden acid mine 
drainage (29, 40). Extremely low pH conditions, in particu- 
lar, are known to adversely affect microbial metabolic activ- 
ities and growth rates (34). This accounts for the relatively 
poor response to seasonal warming of suspended bacteria at 
the two immediately impacted sites in Fraser Pond and 
Cranberry Lake. Evidence of acid-induced stress is also 
seen in comparisons of the bioMlm communities. The at- 
tached bacterial populations in the circumneutral pH sys- 
tems demonstrated significantly higher rates of growth over 
the last 12 weeks of the investigation as expected for a more 
vig rous guild of microorganisms. 

A number of recent studies suggest that the initial coloni- 
zati n of submerged surfaces of microorganisms is domi- 
nated by the simultaneous attachment and growth of indi- 
vidual planktonic cells (6. 27). This effectively supports a 
rapid onset of population growth, particularly when the 
concentration of free-living cells is high (cr. Fig. 2 A through 
2D). H wever, as the density of attached cells increases and 
surface area becomes limiting (i.e., fewer attachment sites), 
the attachment rate is greatly reduced (6). At the same time, 
emigration of cells from larger unstable microcolonies oc- 
curs with Increasing frequency (27). The later stages of 
microbial surface colonization are therefore characterized 
by progressively slower rates of population growth. These 
bscrvations explain the overall pattern of bioftlm formation 
at each of our four sample stations. 

The differences In bioftlm metal adsorption between the 
neutral and acidic pH sites can be attributed partly to 
variations in population density. However, reactions be- 
tween metallic ions and polymeric rganic substrates are 
strongly Influenced by pH level (39). This solution property 
determines the extent to which prot ns dissociate from 
reactive acidic groups and effectively controls surface 
charge density (24). At a low pH level, the availability f 
negatively charged sites such as carboxylntes and phos- 



phates is greatly reduced so fewer metal cations are ad- 
sorbed. Conversely, metallic ion adsorption is usually en- 
hanced under neutral pH conditions by a proportional 
increase in the number of ionized acidic groups. These 
cfTects are reflected in the total amounts of metal bound by 
the biofllms (Table 2) and the corresponding pX t values 
(Table 3). 

The reduction of surface charge density with decreasing 
pH levels also serves to weaken electrostatic free energy 
contributions to metallic ion adsorption (24). This accounts 
for the observed trend towards lower (or un measurable in 
the case of cobalt) 0, values for manganese, nickel, and 
copper at the two acidic sites. However, electrostatic inter- 
actions may additionally be weakened through the partial 
hydrolysis of a metal cation. The adsorption behavior of iron 
is explained by this later process. At elevated pH levels, 
cationic colloidal elements |i.e., Fe(OH) J+ . 5H a O or 
Fe(OH) + • 4H 2 OJ tend to form via the hydrolysis of ferric 
iron (9). This probably caused a decrease in the overall 
strength of adsorption by counteracting the increase in 
electrostatic interactions which usually accompany the 
higher surface charge density expected at neutral pH levels. 

Previous studies hwvc demonstrated that bncterial cells are 
capable of serving as nucleotion sites for a wide rnnge of 
authigenfc minerals (4, n, 14). The ability of bacteria to 
serve as templates for mineralization depends primarily on 
the inherent capacity of their anionic surface polymers to 
bind metallic ions (3, 12). Once immobilized, complcxed 
metals can be precipilcd at the cell surface by complete 
hydrolysis, a change in oxidation state, or through reactions 
with other counter ions in solution (14). The secondary 
growth of these mineral precipitates may then proceed via 
homogeneous crystal nucleation reactions (2). A similar 
series of events starting with the oxidation and hydrolysis of 
cell-bound ferrous or ferric iron probably accounts for the 
mineralization which developed in association with the bio- 
fllms. 

The morphological characteristics of the ferrihydrite min- 
eralization associated with the biofllms correlates well with 
the trace element composition of the precipitates. Synthesis 
experiments have shown that the incorporation of silicate or 
sulfate anions not only suppresses the ordering of ferrihy- 
drite but also hinders the formation of more stable anhy- 
drous iron xides such as gocthitc or hematite (1,5. 8). The 
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FtO, A, Thln-tectlon profiles of encapsulate d bacteria In unttatned (A) and iinlned (H) htnfllm tpeciment from tile N2. Arrows Indicate 
tome nascent ferrihydrlte precipitate* Bttocloled wtih the extracellular polymer* of the bacterid (hart, 200 nm). 




exact reasons for thin are not yet clear. However, the 
available evidence suggests that negatively charged ions 
effectively cross-link c lloidnl particles f fcrrihydrite and 
promote the f rmati n f an unreactive immobile mineral 
phase (8). In the cane f sulfate, this seems to result in the 
product! n of fibrous netw rfcs of acicular ferrihydrite crys- 
talloids similar to those observed in association with hiofilm* 



from the av.Jlc sites (3). However, siliceous ferrihydrite* 
commonly exhibit a more granular morphology reminiscent 

f the iron precipitates which developed in conjunction with 
the neutral pH biofflms (7, 8). 

This work heightens our awareness of the importance of 
micr bial biofilms as natural metal -immobilizing matrices. 
Clearly, there are differences between metal affinities and 
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mlncnl %p, Jen produced hy the acidic nnd neutral natural 
ayMcmi reported here: into \% presumably a reflection of 
Ihclr dltTerent aqueous chemiMrieit and microhial communl* 
ties. In both cnaea, metnl sorption went weM beyond that of 
the control surfaces, Prcllmlnnry data on the the microbiotn 
of the deep subsurface (21) lUifuteM that mineral development 
on bacterial surfaces may be more widespread than first 
imagined (Fig. 1 and 2 In reference 21). Given the antiquity 
of bacteria and the terrestrial depths at which they con 
rvalue, microbial metnl Immobilization and mincrnllzntion 
cannot be a trivial affair (3). 
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of gypsum, caltile, and magneshe firom the lake 
water. Epicellular bionuneiufeatum of gypsum 
on the cell waU of Synschococcus occurred 
within 4 h (r% 2). EpiceUular calcite precipita- 
tion was first recognized after 24 h had elapsed. 




Em'ceUular calcite precipitation was marc mas- 
sive nnd disruptive to the Synechococcus cells 
than the fibrous gypsum precipitation (Figs. 2 
and 3). Calcification directly coincided with a 
small increase in pH that occurred between the 4 
and 24 h sampling periods (Table jy The pho- 
tosjuthetic metabolism of Synechococcus was 
directly responsible for the aDcalinizatton of the 
experimental microenvironxnent, because the 
pH did not increase in any of the control 
samples. 

Measured changes in water chemistry from 
the simulations were consistent with the biomin- 
eralixahon inferred from TEM (Table 2). Cal- 
cium concentration decreased throughout the 
entire experiment, coinciding with the precapita- 
oon of CaSO* and CaCQ 3 Magnesium concen- 



Figure 2- Series of transmission oloctron mi- 
crographs showing progression of gypsum 
precipitation on cell wall of Synschococcus 
(whole mounts)- A: initiation of numerous nu- 
eto*tion afles on cell surface. B: Gypsum pre- 
cipitatmn spreading away from cell. Gypsum 
suH appoare lo be covered by thin layer ol boc- 
teriai allme. c: Dividing Syrmctiococcus cell 
shedding como ol peecipltalad gypsum (scale 
bars = 500 nm). 



Figure 3. TO in -section transntlssJnn electron 
micrograph of two Synechococcus cetls and 
calcite from 72 h culture (cell re repr*s*ntod by 
while oval area between arrows). Arrows point 
to caldte (electron densa material) on ceD sur- 
face. Cdb are unstained due to dissolution 01 
catdle by addle heavy-metal stains used to 
provide contrast to biological specimens 
(scale bar ° 200 nm). 



TABLE 1. CHEMISTRY OF rAYETTEVILLE GREEN LAKE WATER 



tradon was unaltered during the 72 h, although 
electron microscopic resulGS obtained at 12 b 
suggest the possible predpitatkm of magnesite as 
the pH continued to increase. Suifete concenna- 
dons decreased during the first 48 h, but showed 
a slight increase thereafter. Carbonate-ion con- 
cemraiion increased after 4 h due to the corre- 
srxtomng increase in P H (Table 2). Predphaiion 
of gypsum and calcite was verified by EDS and 
electron diffraction, whereas the magnesite pre- 
dpitaiSon was suggested by a single strong mag- 
nesium peak using EDS. We may have recog- 
nized some hydrated form of magnesium 
carbonate. No prodpitanon or alfcahnization 
ma evident in the steale connote or in the con- 
trols containing only bacterial ccfl wails. No cat- 
cite precipitation or alkalinizafcon took place in 
inoculated controls kept in the dark, which indi- 
cates that calcite precipitation was directly re- 
lated to photosynthesis by Synechococcus. Gyp. 
sum was observed in the dark controls and 
therefore its formation appears to be unrelated 
to the Synechococcus photosyntheric alkaJUraza* 
tiou process. Sterile controls elevated to an 
equivalent pH <6\5; Tabic 2) by adding base 
(NaOH) also did not precipitate cakiie. 

Mineral saturation indices, calculated hum 
the experimental results in Table 2, also agree 
with the observed mmeraltsan'on trends (Fig. 4). 
Initially the lake water was slightly ovcrsatu- 
rated with gypsum (SI * LI 6) and calcite (SI = 
2.73). Photosyniheiic alkahnization by Syn- 
echococcuz perturbed water chemistry by in- 
creasing conditions of ovcrsaiurauon with re- 
spect to calcite solubility (Fig. 4A). Within 24 to 
d8 h the calcification process had reduced Ca 2 * 
activity to the condition thai solutions were no 
longer oversaturated with respect to gypsum 
solubiliry. Experimental evidence indicates that 
some gypsum may have redissolved as the sys- 
tem became undersarurated with respect to gyp- 
sum solubiliry after 48 h; this is show* by tbe 
increasing sulfate concentration recorded at 72 h 
(Table 2). The experimental system was over- 
saturated with respect to magnesite solubility 
after apprconmaieiy 72 h (F%. 4B). Magnesite 
was found to be associated with large Synecho- 
coccus aggregates. The pH associated with large 



D*t«/aopWi ca*; mct 1 ' so/" Alfca- ionic p H 
fmillimoles/liter) linity strength 



TABLE 2. CHEMICAL ANALYSIS OF EXPERIMENTAL TIME COURSE 



3-13-1388 11.39 2.67 9.30 3.20 55-20 7.97 
( 5 BO 



Hours Ca g_ Mg** so/" co/- 

(maol/L) <naol/L) (xtanol/t) (mmol/%) 



PH 



12 7J5" 1 ? 66, 10,48 2 - 96 53.00t ?.9/»t 

{10 n) 



'Da-ta from BrunsKill ana malam (1963), 
TData from Brunskill (1965). 
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cell ^gregato was pona&ly higher ttan the 
«Pen=>»uny recorded pH (Table 2), resuluM 
in magneate prestation (Pig. 4B). 

Suteequent analysis of she acuvdj grow ^ 
poraon of the natural bioberm in Green Lake 
HOB filters used in Etaing Green Lake water 
revealed the presence of gypsum in the take. The 
outermost surface of the active biohenns 
(Thompson a bL. 1990) was examined by EDS 
and X-ray dit&Bcuon after the sample material 
tteatcd with hydrochloric acid. These 
methods revealed the presence of gypsum in 
^amounts (<^) ^ io ^ ^ 

the biohemis. Therefore, experimental and serf- 
unentolopcal evidence suggest tbat gypsuxn i„ 
Green Laie * redissolved and/or replaced bv 
calcfte over time. t"^*~ u / 



DISCUSSION 

Our results dearly indicate mat the small 
cyeaobactcrium Synechococcws is capable of 
epicenular Komiocraluatfan (Mann, 1986) Of 
gypsum and cafcite io natural alkaline aflliatic 
envLronment^ The role of bacteria or cyanobac- 
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" o 1 

Log Caislie Saturation rnaex 




Loo Cilelt* Saturation (mux 



SEE? J 1 "taenil MlureOon indlcoe (St) do- 
2^^? ,rom reau(ls of water chomlstrr 
^T*™ "DMiwnl sampling time Intorvah 
«. 24, 48, and 72 h). A: Gypsum vTcStfta 

V l^ll If "™«*«Mwecw has rataad laveJ 
h wMh te «Wte sobi.. 

tor!- rJL .E" . "!? nealto ««'«:»« aatura. 

a C ^Xh^»lr p0rtmBnlal "^environment 
by « h. 81 for magneslta at 72 h was 1.71 
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tena w gypsum precipitation hai never been re. 
ported, except for a possible indirect pbWcal 
control on the evaporation of seawater (Braith- 
waite and Whitton, 1987). It is well known that 
many rniaooiEwfctns can hind cations, includ- 
ing calcium, to their cell surface and extracellu- 
lar glycocalyx (a polyanionic polysaccharide 

Bevendge and Fyfc, 1985). Calcium cations 
concentrated on the coD surface may act as nu- 
de*™ sues for both gypsum and eafcitepicdp- 
itabao (Fig. 5). ¥ 

The photosynthetic metabolism of Synccho- 
cocaa was directly respond- far the alkalioi- 
zanon ofrhe microenvironment due to its ability 
to use HC0 3 as its primary source of inorganic 
^^»r and Caiman. 1980: Badger etaL, 

sunilar alkaUnuabon during photosynthesis by 
Syneehoeocaa. They suggested that Synecha- 
coccus a HCOi/OHT « cnW geproc- 

ess across the cell membrane and that the 
hydroxyl ion* were produced as a result of 
HCO3 fixation in rmolosymhesis. Our exoeri- 
mental results support such an exchange p™ 
me pH of the exTKrimental rnicroenvironment 
oonu nuoi to increase throughout the esperimeat 
treble 2). Therefore Sjmechoooccus induces 
calcification in alkaline niviromnems doe to its 
photosynthetie alkaWoon process (HCOi/ 
OH" exchange system) (Fig . 5) . ^ 
itwlly preapitated on the surface of Synrcho- 
coczus because of the Wading of caldum cation* 
(whu* results in a caleium-eoriched microcD- 
vironment at me cell surface) »od because of the 
Presence of high sulfate concentranons in the 
lake water. Calcium ions are also actively ex. 
f^bomeUtoaeiMeeasmotaatotDain. 
bin a krw concentration ofituracelhuV calcium 
(Rosen, 1987). Therefore, photosynthetic bacte- 
ria in genera] may have a caltium-eohched mi- 
croenwonmeni "° Und cdl due to a 

toSM-dnveu calcium effiux (Rosea, 1987) Sub- 
sequently, Sjmeckoeoeeui induced calcification 
in the presence of light by increasing the pH of 
the oiiarjenvironmeni around the cells. 

The microenvironment around Synechococ- 
w consists of an envelope of water in which 
onTusKo. of materials to aod from the bacterial 
cdl occurs (Purcdl, 1977). Simple solution 
d««u«ry canaot apply « ^ miaoenviion- 
becauw ftere h a fluid^lid mfcrrace in 
which ttertnodynamic activation encrgk, can 
he reduced and chemical reactions are made 
possible. These small unicellular eyaoobacteria 
areubiquitous within (he mitolimnion of Green 
Lake (10 s ceUs/mfc Thompson a si, 1990) ^ 
many other aquatic environments (Bafley-Watts 
ctaJU 1908; Whiitoa 1973; Waterbury et A, 
l^ 8161 - l ™: Mnrphy and Haugen. 

SSSmS 1985:GuiMan,ttaI - »■* 

Our data resolve the longstanding caniro- 



verey over cahSfication in Green Lake flw. ~ 
Walcotr, 191* Bradley. 1929 1^?^ 

tons for othtx namral environments. Eariy m- 
^guors of the carbonate sediment and 
bvoherm, ia Greet, Lake referred to the pc^iWe 
P^on of these deposits by numero* 

wateott, 1914, p. 88; Bradley, 1929 1963- 
(l«37p.921) rccognS 
<)cduded bacterial cells within the cate^ 
tals from Green LaJke and concluded that^L 
proccs by which Green Lake bacteria are en- 
tombedsrin goes on. tnough we do not yet know 
bow u=y operate.- Unfwtwiately Brad- 
^(1968) retracted tbi imponant paper ^. 
cause he was convinced that what he had 

that the caleuTcorion in Or«n Lake was then^ 
1 ^ IBWUC P««'P^on largely due to the 
efficts of seasonally mcreasuu- tcmpcraniro. 

kffl s (1909) mtermetanon. If temperature were 
the major control calcite should h»v e pre «oi- 
in sterile control samples. The natural lake 

£ ™^ m ^ eXpcrimetJts was kept at 4 
^ M « ^««>cnment was started. Our data 
show that Synediococcus is responsible fox the 
predommant calcification « Grc« Lake a£ 
tou&neckococcus cells are coiranually en- 
lombed within the growing calcite crystals (Fie. 
IB; Bradley, 1963). K * 
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«aawil aquatic eowronmeots has widespread 

^r^L*" ** exflmiMti °" of whinW 
events (freshwater and nuri^X carbonate mud 

f^"?- ^ hiohem. development sine* 

FayettovOle Green Lake. (Jniceniilar cyamv 
toctaja, to ^^atocwcar, have existed 
ance late Archean to Early ProtcrozoSc time 
^oll and BMghoom, 1975, 1977; Cloud, 
1°76; Awramfc, 1976, 1984). 

Our preliminary results on the bimnineraha- 
ton of gypsum and magnate indicate that more 
fiekS I and laboratory investigations are Z! 
'awed. A detailed examinatioa of naturally oc 
= umD « eyP 5 ™ and sedirnentary raaenesite 
dcpoats » needed. Mapiesfte btomi»e3t£» 
may be oocuirins in namral hieh pa (8.5- 10 0) 
oqnatie eavuonmeots rid, «, magnesSnm, 



United Kingdom Marine ^JS n£ 
i„ O"*^ TOPoitoa of ealauoi carbonate 
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SUMMARY 

The results of detailed hydrochemical and bio- 
sedimentological studies of the sea-linked Satonda Crater 
u*ke, Sumbawa Island/Indonesia are presented Thcv 
revealed that the mildly alkaline, mid-water stratified and 
species-poor lake supports growth of cyanobacterial-red 
algal calcareous 

1^,000 yearsofuielakeh^^ 
They indicate that the chemistry of the lake evolved from 
initially fresh water, through highly alkaline to the modem 
slightly alkaline quasi-marine conditions with cor- 
responding biotic changes. The influence of the 1815 
eruption of the nearby located Tambora Volcano on the 
Jake chemistry and resulting lithologicaJ and biotic changes 
is also discussed. The lake proves to be a good model for 
the recently proposed hypothesis of an early alkaline 
(soda) ocean. 



1 INTRODUCTION 

°" November 22nd. 1983, the 'Soda Ocean Hypothesis' 
(SOH) was bom during a public lecture on the global carbon 
cycle. Its theoretical background has since been published in 
Kempe & Degens (1985, 1986) and in Kempe etal. (1989) The 
SOHmaintains that the Precambrian ocean was highly alkaline 
of high pH and of low Ca concentrations. It is based on the 
observation that the weathering of silicate rocks with carbonic 
acid (the Urey-reaction, Urey, 1951) produces, in general 
solutions with equivalent ratios [Ca 2 * + Mg a ~] < [HCO ] and 
[Nsr + K~] > [CI" + SO*). Upon evaporation, these solutions 
will re^hthesolubmtypr(xiuctof the alkalineearth carbonate 
minerals first. Precipitation of calcite, aragonite or even 
dolomite will leave Na\ K* and HCO/ (plus Or and SO 
behind, i.e., highly alkaline conditions(GARRELs AMacken^e 
1967; Harm & Eugstek, 1970; Eugster & Hardie, 1978) 
Today, we find alkahne lakes (stalled sc<la lakes) in volcanic 
areas associated with ac u ve plate boundaries worldwide (Kempe 
etal., 1989). 

However, comparing the chemistry of isolated' lakes with 
diat of the early ocean, does not seem to be very convincing. 
The chance to find a contemporary alkaline but marine en- 
vironment came during the Dutch-Indonesian SneUius n 
expedition to the Flores Sea in November 1984 (participants 
from Hamburg: E. T. Degens, V. Ittekkot and S. Kempe). One 
of us (S. K.) noticed on the map that the small volcanic island 
Satonda contained a lake, seemingly at sea level and therefore 
possibly Filled with seawater. Professor D. Eisma, chief- 
sciennst of the Snellius IMeg, kindly agreed to send a landing 
party to Satonda. In the morning of November 22nd, 1984 one 
year after the SOH had been formulated, Stephan Kempe, 
DoekeEisma, Theo B uisma, Haruna Mappa and S urino set out 
from the R/V Tyro by rubber boat to inspect the island and its 
lake. 

The first glance already proved that we had found what was 
expected: the water tasted salty like seawater but had a pH of 
8.55! And, even more important, there were groups of large, 
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STim I ^ ^ ° f Carbonate dottin * *• shore 
(PI. 1/1). Because November is the end of the dry season the 
heads of thesepillars lay dry. During the wet season the lake 
level obviously stands more than a meter higher as marked 
by bands of dry algae on rocks. The beach of the lake 
otherwise consists of black volcanic sand. T. Buisma scuba 
dived down to 10 m where the water was as warm as at the 
surface i.e., 32 ° C . S. Kempe snorkeled in the murky water 
along the shore observing that the pillars rise vertically from 
depth, some of them seemed to be taller than 10 m The 
pdlars are overgrown with long filaments of non-calcified 
green algae. The fauna in the lake evidently consists of only 

L!n T*?* ° ne st*" 15 *' one nsh 311(1 °™ ^in-shelled, 
smaU black gastropod even though 100 m across the crater 
nm the tropical reef houses hundreds of species. Two water 
samples (for chemical data of surface sample see Table 1) 
W ^ tak ^ proving mc *** ^as mixed down to a depth 
of 10 m. These samples showed that not only the pH but also 
the total alkahmty is elevated in the lake as compared with 
modem seawater, while the Ca concentration is much lower 
than in seawater of comparable salinity. 
. ™ e . ^nate pillars were sampled for microscopic 
inspection. These pieces were later examined by J Kaz- 
mierczak, who discovered that the carbonate is not an 
inorganic precipitate, but has been mainly precipitated by 
cyanobacteria (blue-green algae). The microscopic structure 
either laminated, cystous or clotty, reminds one of Pre- 
cambnan stromatohtes, theorUy macroscc^ricfossilpreserved 
rrom the ancient pre-metazoan sea (Kempe etal 1992) 

These first results showed that Satonda crater 'lake could 
serve m fact as a contemporary model of the Precambrian 
ocean: u contains seawater of a higher alkalinity and pH and 



fig. 1- Sketch map of the Island of Satonda and its 
locaaon nonh of the Sanggar Peninsula on Sumbawa/ 
Indonesia. 



lower Ca concentration than any recent seawater 
and it promotes the growth of in situ calcifying 
cyanobacterial stromatolites, not reported from 
any other modem marine site previously. 

These were the known facts when the German- 
Indonesian R/V Sonne45B expedi tion was planned 
by the late Professor E. T. Degens in 1985. From 
the beginning it was clear thai Satonda Island 
should be paid an extended visit during that ex- 
pedition. At first, a few days were thought to be 
sufficient, but then, as planning became more 
detailed, itwas decided to launchamore extensive 
program and to have a land party on the island 
throughout most of the cruise. This land party 
would in part cooperate with the Tambora' land 
party (D. J ung. K. Heyckendorf, K. Paluskova and 
company) and would receive logistic help from 
aboard the R/V Sonne. The land party consisted of 
the two authors, the research divers G. Landmann 
and A. Lipp, and two Indonesian colleagues from 
Bandung University: Y. Surachman and D. Su- 
santo. The party arrived at Satonda October 2nd 
with two rubber boats from Den Passar and was 
taken aboard the R/V SonneOctober 13th. 1986. The Tambora 
land party visited Satonda October 3rd when also one of the 

rubber boats was carried over me crater rim into the lake On 
October 4th, the R/V Sonne stopped at Satonda delivering 
Professor How Kin Wong and Uwe Salge with their seismic 
gear They mapped the bathymetry of the lake and left one 
day later. On the 5th water samples were taken to be 
analyzed for nutrients by Dr. G. Liebezeit aboard the R/V 
Sonne. A more detailed trip report is found in the Interims 
Report to the BMFT Tambora Volcano, Cruise SO 45-B' 
December 1986, Kazmierczak et al., unpublished (1986)' 
All rock and sediment samples were taken in duplicates, one 
set for the University of Bandung and one set for the 
University of Hamburg. All notes and data tables were 




Table l:Comparisonof chemicaldata of two surface watersamples 

?i w^J? S f ondaCraIer Lak« »nd in nearby Salch Bay (Sample 
TAM2). Nutncni data by R. De Vries. 
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copied laboard the R/VSonnefor the University of Bandung 
The video tapes were later copied at Hamburg and given to 
the Indonesian colleagues on occasion of their visit ac 
Hamburg. 

This paper documents the results of the Satonda land 
party and discusses some of the implications from these 
findings as to our understanding of the nature of the Pre- 
cambnan ocean (KEMPEetal., 1992). A short account of the 
principal findings of the expedition has been published by 
Kempe & Kazmcrczak (1990a). Specific aspects of the 
stromatolite structure have been published by Kazmiekczak 
& Kempe (1990 and 1992). 

2 GEOGRAPHIC AND GEOLOGICAL SETTING 

Satonda is a small volcanic island 3 km off the northern 
shore of the Sanggar peninsula on Sumbawa/Indonesia 
U;ig- l) ItsgeograrAicalcoordinatesare8»7'Sand W°4S'E 
The island is about 30 km away from the Tambora volcano' 
the last eruption of which in 1815 was the largest paroxysm 
of historic times worldwide (Self et al., 1984) 

The Satonda Volcanobelongs tothesttingof Quaternary 
and Recent volcanoes following the inner part of the 6 000 
km long Sunda Island Arc between Sumatra and the eastern 
Banda Sea. West of Flores, the Indian ocean plate (of 
Jurassic age) is subducted, while to the^asi of Flores the arc 
collides w,th the Australian continent. In the vicinity of 
Sumbawa the crust is relatively thin and its seismic 
characteristics are oceanic (Hamilton, 1979). The structural 
elementsof the arc atSumbawainclude -fromsouth tonorth- 
the Ja va trench (which marks the beginning of the under- 
thrusting of the Indian plate), the non-volcanic outer arc 
(mostly submarine), the inner arc basins (up to 4 000 m deep 



Fig. 2. Map of the Satonda Crater Late as surveyed 
during the Satonda expedition by S. Kempe, 
a Landmann and A. Lipp. Bathymetry according 
to the echosounding by H.K. Wong and TJ. Salge. 

south of Lombok-Sumbawa) and the volcanic island arc 
Between Java and eastern Flores most of the volcanoes 
occur 125 to 200 km above the active Benioff zone. At first, 
(he Benioff zone dips at a shallow angle to the north and (he 
volcanoes are 300 km away from the trench axis. Then the 
zone steepens and reaches 600 km depth within 200 km 
farther north under the Flores Sea (Hamilton, 1974, 1979). 
The Tambora, its associated eruption centers, the Sangeang 
Api and Satonda occur 175 to 200 km above the Benioff 
zone. Satonda marks the most outward subaerial eruption 
center with regard to the depth of the Benioff zone in all of 
the Lesser Sunda Islands. 

The oldest rocks on Sumbawa are Lower Miocene in age 
and their volcanic rocks belong to the calc-alkalinc scries 
(basalt ■ andesite - dacite association) normal for island arcs 
Thematerial of theTamboraand the Sangeang Api, however, 
is marked by an unusual potassium affinity (potassic ne- 
trachybasalt-trachyaodcsice association). Such rocks norm- 
ally occur over much deeper parts of the Benioff zone and the 
Si0 2 - K,0 ratio is much smaller than expected for the young 
age of the volcanos (Foden & Varne, 1980; Barberi et al., 
1983 a,b). The Tambora is a large (40-50 km diameter) 
shield volcano made up of basaltic lava. Explosiveeruptions 
producing pyroclastics occurred only recently. The last one 
literally annihilating the 1,500 m high summit cone of the 
then 4,300 m high volcano, was possibly triggered by the 
intrusion of water into a shallow magma chamber (Barberi 
et al., 1983a; Self et al., 1984; Sigurdsson & Carey, 1988) 
The eruption ejected 50 km s of rock (1 50 km 1 of pumice and 
pyroclastics) on April lOih. 18 15. On the island 92,000 
people died because of the eruption or because of the 
following famine. Due to the stratospheric dust produced by 
the eruption, the summer of 1816 was extremely cold 



II. SEP. 2002 22:08 44_0 1 93 7_5466 7 20 



NO. 8572 P. 26 



4 




dumq faont the northern hemisphere (Stommel & Stommb, 

, ) 'f^ gSeVerccrop fai l"res- In Scotland and England 
alone 65,000 people died because of hunger that year 
(Sicurdsson & Carey, 1988). 

The island of Satondais shown on a satellite image of the 
Tamborapttblishedonthefronicoverofth 1984November 



edition of Geology. The island is about 3 x 2 km in size with 
an elongated axis striking NW-SE. It forms a caldera about 
2 a 2km large and the caldera walls rise up to 300 m above 
sea level (a.sJ.). The eastern wall is very steep and not 
covered by vegetation. Here various strata of pyroclastic 
deposits can be seen interrupted by a few harder banks Lava 
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Depth 
(«) 
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20 
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0.772 
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0369 
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(l(r 3 km 3 ) 



1038 
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Total area: 
Total volume: 

Mean depth: » 

Maximal depth, main crater 

MxkbizI depth, snail crater 

Perimeter; 
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Width; 



34.10 
23.12 
19.79 
16.70 
13-82 
U.19 
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6J8 
4.51 
2.58 
0.S4 
0-54 
0.03 



0.772 
0.Q341 
444 
69.5 
39 
3700 
1220 
945 



km* 



m 
m 

OQ 

si 
m 
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Tab. 2. Area and volume daia of S atonda Crater Lake. 



No Depth Locarioi D ate Hour R eiwks 



1 o 
1 

2 
3 


02 
0-1 
0-1 
0.2 


Satooda Bay 
Lake 

Lake, Sta.1 
Lake, Si*l1 


5/10/56 
5/10/86 
5AQ/86 
5/1Q/B6 


4 

5 


0.1 
04 


Lake, Sta.1 
Lake. Sta.l 


5/10/86 
5/10/86 


6 


04 


Lake, Sia,l 


5/10/86 


7 


0.05 


Lake, Sia,1 


5/10/86 


8 


0,05 


Lake, Sta.1 


5/10/B6 


9 


0.02 


Lake, Sca.1 


5/10/86 


10 


04)5 


Lake, Sta.1 


5/10/86 



11 0.5 

12 5 

13 10 

14 20 

15 30 

16 40 

17 50 
IB 65 

20 2 

21 10 

22 20 

23 22 

24 24 

25 26 

26 30 

27 40 

28 50 

29 60 

30 55 

31 62 

32 0 



Lake Center 
Lake Ceccer 
Lake Centcr 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 
Lake Center 



snow 

5/10/86 
5/10/86 
5/10/86 
5/10/86 
5/10/86 
5/10/86 
5/1Q/S6 
7/10/86 
7/1Q/B6 
7/1Q/B6 
7/10/86 

mom 



Lake Center 7/10/86 

Lake Center 7/10/86 

Lake Center 7/10/86 

Lake Center 7/10/86 

Lake Center 7A0/86 

Lake Cenier 9/10/S6 

Lake Center 9/10/86 

Spring, S(a.l6 9A0/86 



10.15 
1L15 
11.45 
12.00 

12.05 
12.10 

12.15 

12^0 

13.00 

12-50 

1430 
14.40 
14.50 
15.00 
15.10 
15.20 
1530 
15.40 
03.20 
0835 
09.00 
09.15 
09.25 

14,10 
14.20 
14.28 
14.40 
15.15 

9.00 
9^0 
10.00 



«***Btcx, reef platform 
Java sand beach, foamy 
shallow lagoon, mau 
m front ofrect 10 cm 
above algal mare , 
50 cm in front of rcaf 
before reef on small 
bench with algal rafts 
^ilowUgoon, partly 

daenying wm& 
mner cud of 10 an deep 
lagoon, decaying algae, 
some fish 

channel between CaCO 
piUars 3 
inner end of 3-4 em deep 
lagoon, grey, muddy 
Sediment, dead algae 
30 cm wide channel between 
tops of CaCO pillars 
Secchi Depth 4.5 m 
Sampler slightly open 
Sampler aligbtlyopefl 
Sampler slightly open 
Sampler slightly open 
Sampler slightly open 
Sampler slightly open 
Sampler slightly open 
air temperature 293°C 



b Lack-brown due 10 manga- 
nese oxjde particle* 



water with strong greenish 
tint, degassea slowly 
as above 
as above 

spring 10 cm above lake level 



Tab. 3. List of water samples. Satonda Crater Lake, 
outcrops were not observed but a few mtrusions, typified by 
form hard ndges m the caldera wall and protrusions atoS 

^^7^ °k thCCOne - ^ Borises S 
about 1 .000 m water depth and has the steep slope ,yp ica j of 



tuff cones As yet, no date is available for the last 
erupuon of Satonda. According to the deep erosional 
ravines in the tuff ring, one would imagine that this 
eruption occurred several thousand, if not tens of 
thousands of years ago. Possibly the volcano was built 
when the sea level stood lower during the last Glacial 
The center of the island is occupied by a lake 
(Fig. 2).IiappearstoMnvomdividualbutinten^ring 
basins, one 950 ro in diameter in the south and one 400 
miniametermu^e north, givingthe lake the appearance 
of a figure eight. The larger crater is now69 m deep, the 
smaller 39 m; between them are remnants of a ridge 
winch stand 10 m above the bottom. 

The only access to the lake is from the south of the 
ishmd where atonepoint, the height of the crater rim is 
reduced to 13 m a.s.1. and the width of the waU has 
decreased to about 30m (Fig. 3).Possibly the crater wall 
has collapsed on this side of the island, forming a 
semicircular bay now occupied half by a coastal plain 
and half by a coral platform. Another elongated plain 
exists at the eastern side of the island. Here a few huts 
have beer, built and the only two permanent residents of 
die island cultivate a few banana and cocos trees They 
have a small well of brackish ground water but must 
import their drinking water from the main island. 

The island is surrounded by coral reefs, which form 
extended shallows at the eastern side of the island. To 
the north and west, the slopes of the volcano fall steeply 
in to the depth of the Flores Sea. There are a few beaches 
of mixed coarse-grained coral and volcanic sand. These 
beaches can be reached by rubber boat or by outrigger 
The island cannot be rounded along the shore on foot 
because of occasional steep cliffs and because of dense 
vegetation. Itis covered by an contiguous forest with an 
unpassable thorny and dense underbush. 

There is rich terresrrial animal Ufe on'the island We 
observed monkeys and the inhabitants reported huge 
pythons. Mostnoteworthy is. however, the large colony 
(possibly up to one thousand individuals) of flying foxes 
which rest during the day on trees in the southeastern 
comer of the caldera. Scorpions and large millipedes 
exist from which we received a few bites, luckily none 
with major consequences. 



3 METHODS 
3-1 Survey 

The lake's circumference was surveyed first. In 
order to do so, 18 stations (S. Fig. 2) were set up at 
prominent points and marked by about 2 m tall poles 
These poles later served as navigation aids both for 
echo-soundiag, watersamplmgandcormgandfbrpoints 
of reference in identifying the individual stromatolite 
stations. Next a base line was established with rape and 
compass betweenSl and S 18. This base line is 134 8mlone 
striking U8>N. Then the angles between me 17 2 
stacons and the base line were measured with a simple 
theodolite from each of the end points of the base line In 
addition the distances were measured with a 3 m long 
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4 C 




0-2 


29_5 


42.7 




33.1 


38.7 
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36.9 




3U 


38.9 




313 


38,6 




34.0 


36-9 




37.0 


392 




37.9 


39.6 




34.8 


38.9 




39.0 


43.6 




36.4 


39.5 


0 


30,4 


383 


5 


30.4 


3S.9 


10 


(30,0 


332 


20 


(2&4 


39.0 


30 


(29-1 


44.7 


40 


(29.1 


423 


50 


092 


423 


65 


(29.5 


41.0 


2 


29.9 


36.g 


10 


29,8 


3S.S 


20 


2S.6 


38J 


22 


23.3 


38.6 


24 


2S.7 


43.1 


26 


29.7 


45.4 


30 


29.8 


45,4 


4Q 


29.0 


45.4 


50 


29.0 


45.5 


60 


29.2 


49.5 


55 


29J 


47.8 


62 


2fi.9 


50.0 


0 


29.2 


213 



pH 



Eh 
mV 



8-17 

a.<s 

B.60 

a.48 

8-50 
8.70 

as9 

8.64 

6.64 

838 

8.79 

8.45 

6.44 

8.44 

831 

7.40 

7,76 

7.60 

7.70 

8.43 

S.42 

S33 

829 

731 

7.13 

727 

733 

7.12 

6.92 

6.90 

6.87 
7.08 



357 
347 
347 
403 
354 
382 
333 
403 
324 
366 
360 
367 
356) 
350) 
-93 
-45 
-59 
-41 
411 
333 
339 
330 
-66 
-138 
-123 
-136 
■143 
•192 
-210 
-224 
16 



mg/I 


ToLAlk. 
mcq/I 


raeq/1 


ICO, 


733 


2.16 
3-68 


0.36 
038 


1.93 

3.44 


1031 


3.72 


0.76 


334 


7.89 
9.43 


3.44 


0.68 


3.10 



Tab. 4. Field data from Satonda Cra- 
ter Lake. ( > = samples from leaky 
samplers. 



HjS) 
HaS) 
HS) 
6.67 
6.69 
336 
2^0 
0.00 
H.5 

H£ 
H.S 
H-S 









3.60 


0.64 


328 


3.68 


0.64 


33* 


3.60 


032 


334 


3.68 


0J6 


3.40 


5.76 


0-0 


5.76 


6.60 


0.0 


6.60 


6.44 


0.0 


6.44 


6_56 


0.0 


656 


7.72 


0.0 


7.72 


36.8 


0.0 


38.8 


33.88 


O.0 


33.68 


49.6 


0.0 


49.6 


4.56 


0.0 


456 



«ne^unng pole and a graded scale in the telescope of the 

150m away wJule for fanheraway stations distances!^ 
to± . 5 ° m - TCan ^on Sand rough ZZZ 

K maming COaSt Une added by visual 

scaieof 1.2,500. Accuracy of this procedure is not vervhi<rh 
but considered sufficient for the purpose ^ g 

bv r2^ CSl ? ePth °? e ^ (69m > w ^<«tabUshed first 
by plumb line. Later echo-sounding with a 3.5 KHz pinSr 
system yielded a detailed tathymeiric map a£l)X 
Pinger electronics and a generator were mounted on *e 
Ratable and the pinger was towed at its side. A*tal oH5 
profiles were recorded be tween the shore stations, covering 
ihelakebkea^iderweb^tothehigbgascontentofth? 
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4 




9 




20 
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21 


10.0 
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20.0 
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26.0 
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30.0 


27 


40 J) 


28 


50.0 


29 


60.0 


30 


55.0 


31 
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32 


0 




0.24 
035 
026 
0.40 

037 

0.68 

037 

0.56 

0-59 

033 

031 

0.24 

0.16 

024 

0.26 

0.24 

0.11 



0.05 
0.07 
0.05 
0.19 
0D7 
0.06 
0.05 
0.09 
237 
0,70 
039 
037 
039 
0.45 
0.52 
0.39 
0.04 



435 

213 

224 

266 

216 

222 

216 

221 

259 

265 

256 

287 

279 

292 

276 

275 

178 



12S3 
1016 
990 
U41 
1082 
1056 
1051 
1050 
1207 
1247 
1260 
1244 
1250 
1395 
1402 
1446 
605 



4.36 

7.86 

728 

7.07 

826 

734 

8.01 

7^0 

768 

7.75 

7.80 

7.14 

738 

737 

831 

8.66 

5.60 



surface sediments, the acoustic 
signal could not penetrate much of 
the sediments, so thai the sedi- 
mentary structures remain largely 
unknown. 

Hie bathyrnetric map was used 
to determine the area of the in- 
dividual isobaths and the volume of 
the layers between isobaths (as- 
sumed to have the shape of truncated 
cones). The results are listed in 
Table 2. The total area of the lake is 
0*77 km 1 and the total volume is 
0.034 km 3 . The average depth of 
the lake is 44 m. 

Poles with marks wen? set both 
in the crater and at Satonda Bay to 
record tides. The pole at the bay 
was washed away several times 
during thenightso thata continuous 
water level record could not be 
obtained. Total water level dif- 

Uie end of our stay (neap tides) and high levels occurred 
r^f™ 5 Ave ^ ^es amounted to about 1 m. Within 
the crater the water level stayed constant within the accuracy 
of the measurements (± 2 nun). 

Thisobservarion shows thatdielakelevelishydraulically 
disconnected from the sea and that tidal waves do no" 
penetrate the crater rim. It was therefore necessary to run a 
leveling between the lake and the bay (Fig. 3). The levelling 
was done wuh the spirit level of the theodolite and the 3 m 
ong measuring bar. Accuracy is probably better than ± 2cm 
(mm could be estimated on the meter bar). All measurements 
wererepcatedltwas found thatthelakestood 86.5cm above 
the highest wash line at the bay, i.e.. even at the end of the dry 
season the lake did not fall below sea level. Marks on rocks 
show that the late stands 105 cm higher during the rainy 
season. The lowest point of the 
passage over the crater rim was 
found to be 12.57 m above the 
wash zone or 1 1 .7 m above the lake 
level. 



3.2 Water Samples 
At the shore and close to the 
calcareous reefs water samples 
were iaken_with hand-held PE 
bottles. From the water column 
samples were taken with a 1.5 liter 
Nansen bottle mounted on a hand- 
held nylon line. A total of 32 
samples were tak n (Table 3). 
Tab. 5. A AS laboratory data. 



K 






mgn 


379 


10,087 


764 


9,346 


454 


9,406 


491 


10,361 


444 


9,428 


445 


9,410 


441 


9,314 


440 


9355 


495 




528 


11,018 


524 


10,923 


526 


10,935 


526 


30,805 


601 


H.900 


600 


11,750 


603 


12,036 


285 


4,816 
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No- Depth 



[ 



0 

1 

2 
3 
4 
5 
6 
7 

a 

9 
10 
11 
12 
13 

14 

15 
16 
17 
IS 



0.2 



Li5 



NO * 
tunot/1 



P-mo!/! 



ZN. 
MJncl/1 



juaoi/1 



0 
5 
10 
20 
30 
40 
50 
65 



0.71 

0.69 

035 

033 

034 

0.49 

039 

0-49 

0.S1 

0.15 

0.13 

0*14 

0.12 



0.05 

0,08 
0,06 
0.03 
0.05 
0.04 
0.22 
0.03 
Oil 
036 
0.03 
0.03 
0.01 

au 

0O5 
0-22 
0.24 
0.27 



0.56 

2.95 
2.19 
8.45 
1.14 
3.74 
2.93 
5.08 
9.56 
4.99 
L68 
L05 
043 
US 
47.95 
43.61 
3653 
42.20 



1.76 



3.74 
Z94 
8.83 
1.52 
4.12 
344 
550 
10.26 
6.16 
1.36 

0.7S 
2.10 
4B.20 
4333 
36.77 
42.47 



0.0 

0.07 

0.12 

0.03 

0.03 

Oil 

OJO 

OjOO 

0.11 

0.OS 

0.06 

0.01 

0.02 

0.01 

0.02 

0.12 

033 

0.66 



53 

24 
294 

19 
412 

36 

93 
77 
31 

121 
39 

210 
2410 

365 

111 

62 



SiO- 

4J5 

56.6 
43.8 
49.2 
34.5 
29.5 
65.0 
363 

9ea 

5i.O 
6.1 
5*5 

4.1 

73 
37.9 
10.7 
193 
00.1 



Tab. 6. Ship-board data, nutrients. 

Whensampl^ntoiSwere^en.theNansenbotUedidnot 
V - Wt l Ch reSUhCd fa 1,16 c ontao,ination of S 
wis i oqginally closed. Except for nutrients, which therefore 
have to be regarded as minimum values, these sampled ZZt 
later retaken and re-analyzed. samples were 

TTiefonowbgrwarneteisv/erea^K^inedimmediately 
after recovery of the sample: wu««iy 

- Temperature (with the thermoprobe of the conduciometeri- 

- Conductivity (with a digit* hand-held WTW LF-91 
a 7^ me ^ s ^^ver S us S tandard35% 0 seawater 

" ?* (with a hand -hdd digital WTW pH-91 meter 

s^idardizedagaiDstlNGOLD solutions 9896 P H= 7 385a! 
25-C and 9807 pH = 9. 180 at 25°C, DIN 1 9266 and I rSs) 
-- Oxygen was preserved withMnSO.and Kl-KOH solution 
for later turarion in a Winkler botfle. ^otuaon 



No. 


Depth 


DOC 


TOC 




m 


mgfl 




0 


0 


1,2 




1 


0 


5.4 




9 


0 


7.5 




20 


2 


7.1 


S3 


21 


10 


6.0 


8.0 


22 


20 


5j5 


3.4 


23 


22 


SJ 


8.4 


24 


24 


5J> 


5.1 


25 


26 




3<S 


26 


30 


63 


53 


27 


40 


9.6 


63 


23 


50 


73 


6.2 


29 


60 


103 


7.1 


30 


55 


12. 


7.2 


31 


62 


3.4 


1* 


32 


0 


1.0 



DIG 



DIC M ,. 

mg/1 



POC%* 
(wt) 



(wt) 



23.4 
393 
363 
39.S 
39.1 
39.0 
38.8 
55.0 
59.0 
60.0 
58.0 
62.0 
290.0 
338,0 
380.0 
543 



23.4 
413 
37.2 
39.4 
403 
40.1 
40£ 
691 
79.2 
773 
7S.7 
92.6 
465.6 
406.6 
S9S2 
54.7 



Tab. 7. Carbon data. 

^ UCS f etenn!nded ° n s "nP>« filtered in the field, fixed w ith He a 

was measured in unfXd aoSlZl^ fr °?£? C ' botdes (filtered w ^ ^low DIC 

* much as possible STc £d vdL^ Vrn° r degaSSing ° n flltraiio " ™» ***P°* 

* Filers B £ carbona c frl by^H PO °°' * ^ * 12 C/mm ^ C °^> 



2n/p S io 4 *- Alimi tcdsetofsubsamplesfor 
S ,B 0 and Redetermination were 
taken. 

At the field camp aliquots of 
the samples were acidified with 
HCI to pH 2 for later deter- 
mination of cations concentra- 
tions (Na, K, Mg, Ca, Fe, Mn) by 
standard atomic absorption 
methods (courtesy A. Reimer). 
Subsamples were filtered through 
0.45 jam membrane filters (MF) 
and through glass fibre filters 
(GF). The MF were also used in 
scanning electron microscopy. 
The GF were used in ihe analysis 
of suspended matter for partic- 
ulate organic carbon (POC). GF 
„ . _ filtered water was Doisoned with 

f!r^f Sa ^ dH ^ rolurionfor ^^Ton 
ol the dissolved organic carbon (DOC). 

WithaHACH hand-held titrator the following parameters 
were determined in the Held camp: 
-- Alkalinity fusing phenolphthalein and methyl orange as 
indicators and 1.6n H,S0 4 as acid) 
- Oxygen (after Winkler ). 

G. Liebezeit analyzed nutrient concentrations (NO ■ 
NO,. NH/. PO >. SiO,) of samples 1-18 ab^ the^' 
Sonne a few hours after the samples had been taken accord- 
ing to standard methods. 

t t aM Chemical dc «enn™tions are given in 

Tabfcs 4 (fie d data), 5 (AAS data), 6 (nutrient da*), and 7 

(carbon data). 

33 Sediment Samples 
Rock samples were taken with a hammer from the 
siromatolitic reefs both from 
above the water surface and 
from depth by diving. The hard 
nxk samples were dried in the 
sun before packaging. The di- 
vers also collected sheik and 
other biological samples from 
the lake floor and the living 
surface of che stromatolites and 
took a series of underwater 
photographs. 

One sediment core was 
successfully taken from the 
center of the deep crater at a 
depth of 64 m with a small — 
gravity corer and a hand line. 
The location was between Si 7 
and S10 about 1/3 of the total 
distance away from S10. 

At the shore two digs were 
made in the mud between the 
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5 1B 0 
water 



6 ,3 C 
DIC 









+ Z79 




120 


0.17 


7.1 


+ 3.05 


-3.44 


1.09 


0.16 


63 


+ 2SS 




0.72 


O.U 


6-0 






135 


022 


7.Q 


+ 233 




LOO 


0.11 


9.1 






L17 


0.08 


14,6 






0.06 


o.os 


73 


+ 239 


-11.76 


0.78 


0.17 


4.6 






0.7O 


0.15 


4.7 


+ 2J3 


-2136 


0.67 


0.10 


6.7 






234 


0.29 


s.a 






1.06 


0.11 


9.6 
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No. 



DopiK 
m 



icdtuT Conductivity 



iS/cm 



Salinity 
°/oo 



0 
1 

4 

9 
20 
21 
22 
23 
24 
-25 
26 

27 

25 

29 

30 

31 

32 



CUormity 
°/oo 



Sigma 
9 



0-2 


79S 


42.7 




33.1 


3&7 




3LS 


384 




39.0 


43.6 


2 


29.9 


3&S 


10 


29S 


3S^ 


20 


2B.6 


3fi_S 


22 


283 


384 


24 


2S.7 


43.1 


26 


29.7 


45.4 


30 


29.S 


45-d 


40 


29.0 


45.5 


50 


29.0 


45.0 


60 


292 




55 


29.1 




62 


28.9 


50.0 


0 


29.2 


2U 



3437 


19.02 


27.62 


30-78 


17.04 


24*73 


30.69 


1639 


5446 


35.18 


1*47 


2SJ27 


30^7 


17JQ? 


24,81 


30.ff7 


17.09 


24^1 


3041 


16.94 


24.59 


30.69 


16.99 


24.66 


34.73 


19.22 


27.91 


36-82 


2038 


29.60 


36.82 


2038 


29.60 


36.82 


20.38 


29.60 


3651 


20-43 


29.67 


40.60 


22.47 


32.65 


39.02 


21.60 


3138 


41.06 


2Z7J 


33.03 


15.90 


8.80 


12.77 



Tab. 8. Calculated data, salinity, density. 



Sigma 


Sigma 


T 


20°C 


21.44 


24^4 


17.51 


2139 


17.91 


2132 


18.50 


24^5 


lfi-70 


2L45 


18.73 


23L45 


1853 


21^6 


19.09 


2132 


21.98 


2431 


23.22 


25.86 


23.18 


25.86 


23.45 


25£6 


23 SI 


2553 


26.23 


28.64 


25.08 


27.48 


2649 


28.99 


7.78 


10.27 



Sample Dcpib 




K 


No. 


m 






0 


0.2 


460.6 


9.46 


1 




«l.l 


1931 


a 




428.8 


11.37 


9 




491.7 


1126 


20 


2 


425.2 


11.12 


21 


10 


427.0 


11.14 


22 


20 


423.1 


11.04 


23 


22 


4243 


U.02 


24 


24 


47B.8 


12.36 


25 


26 


510.8 


13.16 


26 


30 


5(W.H 


13.06 


27 


40 


510.0 


J3.LJ 


28 


50 


5U-5 


13.11 


30 


55 


5343 


14.93 


20 


60 


561.5 


14.94 


31 


62 


560.3 


14.99 


32 


0 


212.3 


4.68 



Mg ca 



Sr 



a 



so. 



Br 



AUaoi 



102^3 
81.16 
79.09 
90.86 
86.43 
8435 
8357 
83.88 
96.14 
99.18 
100.22 
DH.pfl 
99.41 
11133 
110.65 
114.66 
48.86 



21.20 
10.41 
10.1>4 
12.95 
1055 
10.84 
10,55 
10-80 
12.62 
12,89 
1294 
13.96 
13.57 
13.50 
14.17 
13.34 
8.79 



0.18 
0.16 
0.16 

ais 

0.16 
0.16 
0.16 
0.16 
0.18 
0.19 
0-19 
0.19 
0.19 
0.20 
0.21 
0.21 
0.08 



535.0 
477.7 
476.4 
546.9 
4793 
47V.2 
4753 
476J 
5373 
569.4 
569.6 
S6yj 
569.8 
577.4 
597.2 
594.0 
244.2 



55.45 
49.67 
49.52 
56.76 
49.81 
49.81 
4938 
49 J2 
56.03 
59.41 
59-41 
59.41 
5935 
62.96 
6530 
6625 
25.65 



0.83 
0.74 
0.74 
0.85 
0.74 
0.74 
0.74 
0.74 
0.84 
G-89 
0.89 
0-89 
0.89 
054 
058 
0.99 
(138 



ao7 

0.06 
0.06 
0.07 
0.06 
0.06 

ao6 

0.06 
0.07 
0.07 
0.07 
0.07 
0.07 
0.08 
0.08 
0.08 
0.03 



2.109 
3.799 
3.642 
3357 
3324 
3.603 
D325 
3-603 
5.623 
6.434 
6378 
6395 
7325 
32574 
37.720 
48.203 
4514 



Tab. 9. Measured and calculated uotal ionic composhion. 
strornatoUtes. Samples were collected in plastic barfs. Four 
further digs were made at the outer slope of the crater™ in 
thecoastal plain, on the beach wall and directly on the beach 
mordertos^^ 

4 WSCUSSIONOPHYDROCHEMICALDATA 
The water sarnplescan be grouped into several categories- 
— seawater from Satonda Bay (sample 0) 

^^Tm^ JWM ^ n S «*' reefs 

^^J^* 01 * prafIle 31 *> center of ^ ,ak * 

TTiediscussion will center on the samples from thedepth 
profile and will use sample 0 as a reference sample. 

4.1 Recalculation procedures 

Before the measured values could be interpreted geo- 
chemicaliy.uwasnecessarytocalculate standard parameters 
such as salinity, density, formality (moj/kg) and a charge _ 



balanced main ion distribution. 
Salinity, chloriiuty and density 
were calculated from the stand- 
ardized, conductivity and tem- 
perature measurements, Results 
are given in Table 8. TTien a 
model main ion composition was 
calculated by using the salinity/ 
ion ratios given for seawater by 
Mujbo (1974). Next, the mea- 
sured K, Mg, Ca and alkalinity 
concentrations were recalculated 
for formalities (by using the cal- 
culated density) andinsenedinto 
the ion composition model. This 
step offsets the salinity/ion ratio 
of the minor ions slightly and 
makes small adjustments of the 
Na and/or CI concentrations 
necessary. In order to do these 
calculations conveniently, BASIC 
programs were written. The final 
result, a charge balanced model 
of the major ion composition in 
accord with the measured salin- 
ity, is given in Table 9, 

In turn, the major ion com- 
position served as input for a 
computerized carbonate model. 
Theprogram WATMIX (Wigley 
& Plummer, 1 976) calculates all 
parameters of the carbonate 
system in seawater takingrespect 
of all ion pairs. The main outputs 
are the C0 2 pressure of the water 
plus the saturation indices (SI) of the minerals calcite and 
dolomite (SI^ and SI^J. The results of this calculation are 
given in Table 10. The chemistry of seawater carbonate 
systems is explained, e.g., in Kempe (1982), Broscker & 
I^o 0984), PfiGLER & Kempe (1988) and K*mfe & Phc^h 

4.2 Stratification of the lake 

In Fig. 4 the salinity profile of the lake is plotted It 
reveals three distinct layers: 

J) A mixed surface layer 22.8 m deep (exact depth 
established by diving) with a salinity of 30.6-30.9 %o i e 
90 % of the salinity at Satonda Bay (sample 0). This layer has 
a total volump.ofn rwi .• e itcontains63%of the total 



atotalvolumeof0.0215kmV._ w U1C wiai 

lake volume (VJ. Temperature in this layer was 29 9°C 
down to 10 m and below 29°C in its deeper part, suggesting 
that a seasonal thermocline had developed daring the dry 
and sunny season of the year. As a consequence of this 
heating, evaporation was able to slightly increase the salinity 
in the upper ten meters compared to the layer below ( c f 
Table 8). v " 

2) A well mixed middle layer down to a depth of about 
50m with asalinity of 36.8-36.9%,,, i.e., 108 % of the salinity 
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Depth (m) 
o 



wJnd-mJx&d 



diluted layer 



»ea»iiaUy miked 
layer 1 




concentrated 
layer 



42 



38 40 

c . . _ Salinity (permil) 

Fig. 4. Saionc* Lake: Increase of salinity with depth. Vertical 

structure of water column. ^ 

O f n^i ^° Und ? g SCaWa ^ 1116 la * Cr has a volume of 
O.OOd i km 3 , i.e. 24 % of V 

3) A deep layer between*^ m depth and the bottom with 
an increasing salinity reaching 41.06 % a in the deepest 
sample recovered (118 % of surrounding seawater). The 
volume of this layer is 0.0044 km 3 or 13% of v Tern- 
pom stay at around 29*C throughout the deqS water 

SSk ^ n£ ^ of a larger source of 

nydrothermal water. 

The upper and the middle layers are separated by a verv 
steep pycnocline. Between 22 and 26 m depth the density 
greases by 4 a* units CTable 8). For comparison: in Z 
Black Sea, the most stably Stratified larger body of seawater 
known^ the density difference amounts to 3 crO in 200 m 
only. Thus Satonda Crater Lake shows an extremely stable 
stratification This pycnocline was discovered rather 
unexpectedly. Because Satonda is situated in the tropics we 
expected that the evaporation during the dry season would 
increase the salinity in the surface layer enough to cause 
convection of the total lake volume as is typical for most 



No. 



Depth. 



Ionic 
Slicngih 



pPCo 2 pco 2 

pprav 



0 

1 

4 
9 
20 
21 
22 
23 
24 
25 
26 
27 
23 
29 
30 
31 
32 



0-2 



2 
10 
20 
22 
24 
26 
30 
40 
50 
60 
55 
62 

0 



0.655 
0.578 
0.576 
0.662 
0.581 
0.581 
0.576 
0.577 
0.654 
0.692 
0.692 
0.692 
0.693 
0.753 
0.727 
0.759 
0-303 



3.51 
3.44 
3.53 
3.43 
3.45 
3.43 
332 
326 
1.99 
1.75 
190 
196 
1.68 21090 
0.78 167100 
0.81 153500 
0.62 233800 
1.78 16480 



309 
363 
297 
369 
351 
372 
476 
546 
10120 
17740 
12450 
10890 



SI — Saturation Index 



X^Jf" (Polymixis). Thus the stratification must be a 
fearureattesung to some unusual vent in the history of the 

v .^f con f fences of this stratification is seen when a 
vaneryof otherparameters measured isploited versus depth 
(Fig. 5): At flic interface, the redox potential drops from 
values typical for fully oxygenated water (330-410 mV) to 
neganve values within 2 m and H,S smell is present in all 
samples below 24 m. As is typical for such interfaces a 
manganese oxide particle layer exists slightly above the 0- 
redox potential interface at exactly 22.8 m (by diving) 
Looking along the layer, it appeared to be a midwater lake 
floor and a hand put into it disappeared like in a magician's 
tncfc no light can penetrate into the Mn^oxide layer. In fact, 
the reducing conditions below the pycnocline are more 
intense than in the Black Sea (Kempe, unpublished cruise 
reports) but similar to the Black Sea the concentration of 
tort IMn increases significantly below the pycnocline when 
the Mn is reduced to the more soluble Mn»* ion At the 
interface (Table 5) a total of 2.37 mg Mn/1 were measured, 
much more than in the Mn-panicle layer of the Black Sea. 
The concentration of iron is, however, larger in the surface 
layer then ,n the reducing layer (0.3-0.6 mg/1 versus 0.16- 
0.31 mg/1) even though iron is also completely reduced in 
waters of <-100 mV. The explanation for this decrease in 
spite of the increased solubility is theformation of insoluble 
iron sulfides which remove the iron from the water column 
as fast settling particles. 

As is expected in reducing waters, ammonia is the main 

.nitrogcn-beanngspeciesanditincreases considerably below 
the pycnocline. It is, however, also the main species in the 
oxygenated part of the water column, possibly indicating a 
slow upward loss of this nutrient by diffusion from the 
middle layer or its production in the water. In contrast to 
open ocean conditions, concentrations of nitrate are always 
lower than those of ammonia. Nitrite increases below 20 in 
Total reactive phosphorus content of the water increases 
significantly only below 40m andnotat thepycnocline This 
finding is different from that from the Black Sea where a P 
maximum occurs at the onset of the HS increase (e K 
Kempe etal., 1991). The mol ratio of total inorganic nitrogen' 
to total phosphorus is even more interesting: it is always 
higher than the Redfield ratio of 
15. which is characteristic of 
seawater in general (Bhoecker 
& Peng, 1984). This indicates 
that the lake receives, in contrast 
to phosphorus.a surplus of nitro- 
gen or generates it internally. 
The N/P ratio even increases in 
the middle layer, reaching over 
2,000at30 m. At this depth nitro- 
gen bearing material settling 
from above seems to be remin- 
eralized preferentially. 

The waters of the lakeappear 
to be murky and theSecchi depth 
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ramol/kg 
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0.73 
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-0.63 
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0.88 


131 


-0.93 


o.ooa 


0.90 


2.93 
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0.005 


0,83 


2M 


-0.82 


0.009 


0.81 


2.78 


-0.93 


0.010 


0i*2 


2.79 


■0.92 


0.013 


0.73 


2.60 


-OiO 


0.015 


0.72 


2^7 


-0.92 


0*270 


0.09 


131 


-0.85 


0.459 


-0.01 


1.12 


-034 


0321 


0.12 


13fl 


-0.83 


0.286 


021 


L52 


-0.80 


0.554 


0.07 


1.24 


-0.81 


4313 


0.58 


Z28 


-0.79 


3.990 


0.48 


2.11 


-0.8i 


6.195 


0.61 


236 


-0.81 


0,471 


-0.25 


0.46 


-1.04 
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Tab. 10. Carbonate system data. 
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fl^n T w ? ySlC f ^^^^ ^nire of water column of Satonda Crater Lake, October. 1986 (for dam see samples 20 to 
31 in Tables, for explanations of variables see Tables and text). ..Rario" curves refer to elemental ratios between seawater andSaionda 

^adT^^h TSS ^* ^ C ° r m P° siti ° n 31 * e ' SaIOnda SaUnitift5 - Note CO * P»* s ™ 53 *v« as negative 

decadic logarithm (pPC0 3 ). Concentration of alkalinity is also given in logarithmic form. 



was only 4.5 m. However, tows with a ± 50 mn plankton net 
did not yield any larger phyto- or zooplankton specimens. 
Near the reefs abundant fecal pellets of gastropods were 
caught. 

Fillers clogged easily, demonstrating the presence of 
very fine and 'slimy' organic matter probably of bac- 
terioplankton origin. DOC concentrations are very high 
throughout the water column, values range between 5.4 and 
10.3 mg/1 (for comparison: Satonda Bay water had 1.2 mg 
DOC/1, a common value for surface seawater) (Table 7). The 
particulate matter collected on the filters had C/N values at 
about the Redfield ratio (C/N = 7), i.e., they were typical of 
average organic matter. Possibly the contribution of 
cyanobacteria to the plankton in the water and their 
nitrification hetcrocysts influence the C/N ratio. Inspection 
of some of the filters by SEM showed in fact cyanobacteria 
chains (Anabaena-likc). Also small pennate diatoms, 
ccccolithophorids and curled rods (bacteria?) were found in 
addition to undefined organic debris and some mineral 
grains. 

All the major ions (Fig. 5) increase significandy in 
concentration at the interface and in the bottom layer. This 
increase is, however, largely in proportion to the salinity 
increase; the ratios of Ca, Mg, K and Na to the concentrations 
these elements would have in seawater of identical salinity 



change litUe with depth (Fig. 5, center). In other words, the 
relative major ion composition of the lake water is nearly 
constant. The main difference to seawater is the enrichment 
of the alkalinity and the depletion of alkaline earth ions. In 
particular, Ca is depleted to 60% of its amount in normal 
seawater. 

43 Carbonate system 

The only major parameter which increases with depth in 
excess of the salinity increase is alkalinity. Measured values 
in the surface, middle and bottom layers amounted to 3.5- 
3.8, 62-7.5 and 33-48 meq/kg respectively. Compared to 
seawater (2. 1 meq/kg in Satonda Bay, Table 9, sample 0) it 
is greatly enriched in the lake. 

This increased alkalinity is responsible for the high pH of 
8.4-8.9 in the surface layer as compared to 8.1-8.3 for 
surface seawater (Fig. 5., Table 4). Calculation of the C0 2 
pressure (PC0 2 ) (Table 10) shows that the surface layer 
(PC0 2 = 300 - 370 ppmv) is in equilibrium with the at- 
mosphere (PCO a = 3 50ppmv). However, this PCO, increases 
very rapidly with depth. In the middle layer values between 
10,000 and 20,000 ppmv were measured while in the bottom 
layer the PC0 2 increased to over 200,000 ppmv (or 0.2 aim.). 
In fact, the high PC0 2 causes a water sample raised to the 
surface to degass spontaneously. If this pressure were to 
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Stromatolites and sponge, Satonda Crater Lake, Indonesia, October 1986 

Circular and semicircular stroma tolidc reefs protruding above the water level of Satonda crater lake at the end 
of the dry season, station 1, 5. 10. 1986 

Underwater photograph of living stromatolite surface at a depth of ca. 17 m, station 1. Scale of picture ca 
40 cm r 

Sr^nge(Suberir«sp.)gro .m me background uncalcified green algae. Afew 

specimen of the gastropod Rhinoctavis sinensis (Centhiidae) (Gmeun, 1791) graze on the sponge (center) 
Height of sponge 8 cm. 

Calcareous srromatoU^^ I2 .n, i9W. Reefs in the foreground form 

fringes around volcanic rocks. Reef in the center extends to more than 22 m of water depth. The caldera walls 
in the background of the lake (1 km in diameter) rise up to 300 m above sea level. 
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increase by a factor of 30. then th PC0 2 would match the 
hydrostatic pressure of the water column and the lake could 
degass spontaneously similarly to the 1986 disaster of Lake 
Nyos in Cameroon (Kltng et al.. 1987). 

The increase of the PCO, causes the pH to decrease 
drastically with depth (Fig. 5, Table 4). Across the pyeno- 
cline the pH decreases by 1 unit in a few meters. In the 
bottom layer pH values of below 7 were recorded. 

These low pH values mask in a sense the true alkaline 
nature of the water. If one would degas water from the 
middle and bottom layers and bring them into equilibrium 
with atmospheric POO, the water would acquire considerably 
larger pH values. Such a degassing can be done numerically 
with the WATMIX program. Sample 31 from a depthof 
62 m wo „id assume a pH of 9.17 and sample 25 taken at a 
depth of 26 m would assume a P H value of 8.6 1 if degassed 

rl F™??*- With0Ut ** compoltio? 

,™ e ,ar £ ^'""y of the Jake can clearly be attributed 
tothefcearbor^andcarbc^teio™^ 
inorganic carbon (D IC ). By comparing the DIC cafcSS 
from alkahnny titration with the mdeptndendy detenS 
DIC an poisoned samples (Table 7), one sees that *T y are 
very sjmnar in the surface w ater (sarnples 0 , li9f2 Q2?£ 

^e cT 1 ,?^ DIC is ^ ^aller'than 

toe calculated DIC. This is expected because samrZ 

their excess CC,during S^oaJ^SS 
The high alkalinity leads to a concentration of CO »■ in 

innormal surface scawaterCSawncIa Bay: 0.36 meM).TlS 
fact ,s very .mportant, because one could assume that *e 
lowerCaconcentratzon wouldcausea lowercalcitesaturation 



in the lake than in seawater. If one calculates the calcite 
saturation index (SI^ = the logarithm of the ratio between 
the ton activity product of [Ca 2 -] and CCD, 1 ] and the 
?*T !s n °t n M m ^P^ture), then one 

finds ^t^eSawno^^infactmuch more supersaturated 
wimr^ttocalatethannonnalsurfeceseawaterCTable 10 
F«g 5). SI 0 of 0.8 to 0.9 were found in the surface samples 
of Satonda whereas normal surface seawater has a SI of 
0 4^.6(e.g. i r* GLE R & Kemhe, 1988). Atihepycnocline^the 
SI is drastically reduced butitneverbecorn.es undersaturated 
at depth in spue of the large increases in PCO This is 
because of the concomitant large increase in the alikalirury 
Calaie particles sealing to the lake bottom wi U not therefore 
be di^ved under present chemical conditions and the 
sediment in fact contains carbonate minerals (see section 
6.3). Dolomite is, as under open ocean conditions, much 
more supersaturated than calcite (Table 10). 

The origin of the large amounts of DIC in the lake (as ZO 
andalkalinity)wasrevealedby6''Cmeasurements (Table 7)' 
^F^S^ 10 ' 40and «>™ depth yielded -8.4, -H.gand 
•2M %»PDB, respectively. This suggests that the DIC is a 
mixture of marine DIC (S»C close to 0 %o) and biogenic 

14:86 % m the three layers. Contrary to what we first 

SSt T 3niC W*™* Pi** « significant 

role (S"»c close to -7 %,). Washed in and decaying plant 

,h7^?^ CCraterrim i5Dlost P r obablythemaincaus e of 
the high PC0 2 in the lake. 

During the decay of the organic matter under anaerobic 
conditions sulfate is reduced and the charge originally 

fi?S ill! lT $fem<1 * ' bicarbonate ^ from 
tree CU, and H,0. causing the alkalinity to rise. This 
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Fig 2 Station 1. ^SoSSSS^fZ ^^^-^^ cover of the 

_ 9 larger, better onSed aTd ^ 

Figs. 3.. 4., 5. Examples of shelled wuJ^M^J^^*? \ *\ S 1 Q * Vel 3 °- 50 bar = 1 cm 

Fig. 3: specimens ctMu^^^^^^ft^t lts («■ 4,000 years ago): 

venerid bivalve ? Lioconcha s?S^?X? Hetei f T ? ^T 1 ** 1 *- F *- 5: 

Fig. 6. Subfossil shells of the bivalve P/™L * ( 3 °" 50 Cm); scile bar " 1 cm 

Sp^imenscollectedtom^ b * and calcareous abacterial crust. 

28, station 17, depth 19-21 m^rT^^ 

p. calcitic compared to me aragonltk byX N ° te 1,16 ^ Mg •weenrntion in the 

" ' Crater Uke fossil calcareous 

highMgcatater^rmineralized^ 6) showing the contact between the in vivo with 

fi l^er of decomposed coccoiTcy^^ 

lg ' a^RgT^^ 8 
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Total Na -Concentration [mmol-kg' 1 ] 
Fig 6 Numeric tiiraiion of Satonda Bay seawater by incremental 
addition of NaHCO, (X-axis) and subtraction of Q*:o, to stabilize 
supcisaiuratioii at 40.81 SI^, calculated with WATMDC (Wigujy 

fco^n 1976) '" a]CU ? ations assume « °P- with a 

1a o? Jr P Ppmv - Tl£ratl °n at left with seawaier less than 
rtrn ^ but quickly reaches the threshold SI^ from where on 
Latvia mboacted toke^isupersaiuraiion constant (note inflection 
incurves). The increase in pH. total alkalinity (C^, and Z CO 
<PJD* shown „ well as the decrease ir, Ca Conc^atioa ' 

alkalinity producing process was termed "alkalinity pumD' 
(Kemp*, 1990). Additional alkalinity could be generated by 

the dissolution of volcanic glass in the lake, i.e., by silicate 
weathering under « high PCO,. Silicate weathering would 
cause the release of additional cations, mostly Na + and K* 
How much each of these two processes have contributed to 
the large increase in alkalinity in Satonda Lake cannot be 
calculated from the current data set because sulfate and H,S 
concentrations were not measured and Na' concentrations 
cannot be determined precisely enough by AAS due to its 
high concentration. 

Onecan.no wever.modeltheprocess of alkalinity addition 



numerically. Such a calculation with a modified WATMTX 
program is shown in Figure 6 where NaHCO, was added to 
the composition of normal seawaier in increments, so that 
the alkalinity is increased gradually. This causes an increase 
in the SI^ and as soon as the threshold value was reached 
(■♦0.81) CaCO, was subtracted by the program in an amount 
to keep the solution at the threshold SI & . This threshold 
value was chosen since in Satonda and in other stromatolite 
fc*Tningenvironmentsmassivecd^^ 
at this value (Kempe & Kazmiekczak, 1990b). It was further 
assumed that the system was open, i.e., in equilibrium with 
atmospheric PC0 2 (340 ppmv). Starting from normal 
seawaier composition, the solution increases in alkalinity 
(C^), in total dissolved carbonate (C J and in pH but 
decreases in calcium concentration. At a pH of 8.4 die Ca 
concentration and the alkalinity roughly match the actual 
concentrations in Satonda Lake surface waters. Satonda 
water has. however, a somewhat lower Na concentration 
since it is diluted by 10 % relative to seawater. 

4.4 Samples from lagoons among calcareous reefs 

The first 10 water samples (Table 3, for locations see 
Fig. 7) were from lagoons among the algal reef of SI. They 
illustrate how water composition can differ over short 
distances in the shallow pools on top of the calcareous reefs 
which axe filled with dense carpets of Cladophoropsis. 

A few regularities can be noted in the data: All of the reef 
associated samples are much warmer than in the open water 
(at least during the daytime). Samples 6, 7, 9, and 10 taken 
in inner lagoons have significantly higher conductivities 
thanartheopen lake surface. This is taetomtenseevarjoration 
in these shallow pools. Nearphotosynthesizing mats oxygen 
and pH values are higher than at the lake surface (i.e., PCO 
is lower). Nutrient concentrations are highly variable 
(Table 6). Nitrite concentrations are highest landward 
(samples 7, 9, 10). Ammonia concentrations are higher 
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Sr ^9?6 maCr ° SCOpic views stromatolites, Satonda Crater Lake, Indonesia, 

^nalgae^iat^ 

^'SSih'f^ 3 = Ci ™™»*>* SP- bars = 500^ " 
b^d^^e^e 6 vot^ g ^^^^tneartheUving^^rficatestksto 
^ r ( t2 ST ° f J* SpeCimen COmposed P^-'-antly of calcified thauTof 
(toec^obacSr^^ 

ofserpulii^^^^ 

bSSfx^Z 5T?f t, Cya C° baCterial - red "** zone ° f *• ^careous reef overgrowing a large lava 
s^^^£jr?° Ve ^ w ^ table. The specimen is composed offoU^rhJilf^Z 

Q^tiTS. • mdlStmct vertical 46. station 10; scale bar. 3 « 

n£Z£ZZ 1^°™* by °»«»»***«* algal encrustation around a tree branch 
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algaJacuvity^ple >££$£X mC asured WC 
concentrations bu a low jeofail samples. "The 

Thesesamptedlusc^ totuK weather, 
algal mats is highly ^^JS^actoittedby 



5 DISCUSSION OF SEDIMENT ANALYSES 
51 Calcareous reeft 
5 U Setting and macroscopic appearance 

thirteen rocky points (Fig- J^JJ^^ ,_4andS 16- 
l8).Th e reefsappeartypicaUyasw 
shapedcrustsOS-l.^i^ 
outward from the steep **»""^r tas ^ obse rved by 
ledgeS . T1>e living f'-J^^LSadteef surface 

^Imocline. testifying deeper 
has been observed pe'owjn v ^ reefs ^ 

1986) (PL 1/1* . downtoihedeifthofca. 



TO, outer 1 ^ l ^" strucmreare bu ilt of tnassive, 
brittle. Older parts of thereei straws 
hard limestone (PL 3/S). ^k^ss have also been 

Calcareous crusts ofvanous wash ed into 

observedon pieces 0 ^.^^^erial is often 

(PL 3/7). 

5.2.2 Living reef surface 
Reef-formir-g biota m the reef formation 

^erf o mats of coerfd 

consists chietiy oi w » nsuBOTKAe tal.,W8L 
cytmobacteria^teur^agiou^ wq ^ of 
ie.g. 1 Pls.5/5and6/4 6)m^-J ^Unacean 

cruS tose red algae: £ J£S^*W«i*-«»« 

Lithoporellasp.(e.g..Pls ; 5^^. u > At 

squamariacean ^/ wn ^S^ S ^terfacenubecuUinW 
^sbelo^Wmd^wntou^O^S^ ^ ^ 

iinifers p-** " and S». Actions of 
ftamewoik formation JJta. ^ cularly densely 

snadoweditef^acwsiKn h ^ 0 „ 

Individual nubecuiwud ^JJ?"^ illuminated 

*e reef surface at ^jf^iUg organisms are 
^.Tr^mamgrmgof^ leaying ^ 

distributed on the ^JJ^ .^> ly seasonal) domination 
placcsuncolonized-Penodic^Jly ^ o{ 

the reef commuiuues. Durmg , * * ^ or ^ 

surface was largely «f^*2^cy«ndb«Wia over- 
growing mostly non-living m 
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-^wimthecyanobacterialstromatolites,Satonda 
Late, Indonesia. October 1986. ^ ^ ^ ^ rf & ^d 

Magnification of the atwyc « scale bar = 3 Vim . . zone demonstrating the 

covering the <*-*^S&£<* mecalcarec^cyanobact^^ 
Vertical section through meuppennosip^oi 

r^dchangesinthec*^^^ 
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Peyssonnelia (PI 6/71 Encrustations consisted of fine, cyanobacterial-red algal carbonate framework 

granular Mg calcite. The number of living red alanp H.rX™ A , t . *\ wmic udineworK. 

m. Oosc co theOALS miJ^Z^^Z s ^ t ZfT " both on '^bacteria and 

entirely overgrownly ptaocjSZ 'jSSSSS" S^J.f 85 "J"* S * honocla *^ Empty 
Noteworthy is the great variSTof skeS 8 ^ . ^ ^ CnC ™ Sted 311(1 ""bedded in the 

of the reef-forming . to»SSSTE S 3CCUmulaDons of gastropod 

other corallinaceans, secretes «gh £g caS f£Jft * ? f0fm a few cm •«** 

Macntyre, 1973),whercas4^ a haf»^iat SSS^S^^^^^^ 0 ^ 

skeleton (Wray, 1977; James etal., 1988) ThecyanoS^ , u , , ^"P 0 ™ 18 of internal sediment, 

and the nuoecullinid foraminifers prXe £ h^h >^ ?.* * m&skelttal 7 * 

calcite. dinners produce m turn high Mg It u uiteresong to note that the large population of 

grazing gastropods has apparently no adverse effect on the 

Reef-associated biota cyanobactenal-algal community living on the Satonda Lake 

Macrobiota: Green algae, sponges and gastropods are the reef . surfece - This is in contrast to views attributing the 

main groups of macroorganisms associated with the decline in stromatolite formation in the past marine 

cyanobacterial-red algal reef surface. Three species of envir0nmems to the activity of grazing animals, particularly 

aphonocladalean algae belonging to the genera Cladophora mA&dm& dose to the Precambrian/Cambrian boundary 

CladophoTopas and Chaetojnorpha thrive in dense clusters' < Garrbit - l97 <>; Walter & Hbys, 1985). 

close to the reef wall. They are very abundant to water depths Skeletal microbiota: No special studies have been carried 

of about 4 m, less common deeper and disappear below 8 m ° Ut on reef-associated microbiota. It is, however, 

The specimens of C ladophoropsis are always attached to the ' nterestin g » note the occurrence of pennate benthic diatoms 

reef surface, whereas Cladophora and Chaetomorpha grow Fra & ilaria sp- and Mastoghia sp. (PI. 4/1-2) and the 

both attached to the reef surface or float free as bunches of coccoIicho P n orid Syrocosphaera mediterranea (PI. 4/3-4) 

filaments. The green algae as a rule do not calcify except for on lhe reef surface - ^ association of Fragilana and 

mebrushycarrjetsofaadopWp^giowinginevaporative Masto S loia is >»own to prefer alkaline conditions (e.g 

pools on the top of the reef where the tips of their filaments Havorth ' 1 972 > 311(1 lower salinities. Syrocosphaera as well 

are encrusted with thin layers of calcium carbonate. as the rare miliolid f oraminifers living on the reef surface 

Sponges are represented by one species of brown to ^Q^^oculina, Miliolinella) arc cosmopolitan forms 

bnght orange colored monaxonid demosponge identified as toleradn 8 varying salinities. 

Suberites sp. (PI. 1/3) bearing only one kind of tylote 

spicules(P1.6/l-2).Postmcnemaccumularionsof5«frcrtrej 5 -2- 3 Biola and lithology of the fossil reef framework 

spicules are strewed over the reef surface (PI 6/n The -n, , 

spicule S dissolved,however,quickly close to thereef surfaS c *„^ h TT 5 *e living cover 

and have not been encountered in<^ra^ inTS ^^J^V «>nes which differ 

ncorporaiea into the SjgmficandymtheirbioticandUthoIogiccomposition.The- 
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oS ) bS a W8T miniferS 311(1 Cyanobacteria of ^ s^omatolites, Satonda Crater Lake, Indonesia, 

p. 23 »»»jKr* fc ~ s 

monS!rf nS ° f ? ^ CalCareOUS Surface dose * chemocline. Dominating organisms are 
mono^atr^coralum^ 

fiLlwJ of * npc °t* a te *^P & P^ o f ^red algal thaUi. Cress-sections of rWe rubes of ^ 
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se are (from the top): 1. the cyanobacterial-red algal zone 2 
thepcloidal zone. and 3. th stromatolitic-siphonocladal^an 
zone. 



The cyanobacterial-red algal zone 

AtthefirstfewmiUimeteisbelow the surface the skeletal 
framework is composed of biota identical to those living on 
the reef surface, i.e., mainly thalli of Lithoporellaalternating 
with thin layers of calcified sheaths of pleurocapsalean 
cyanobacteria (PI. 4/5. layer a). The next 2-3 mm of the reef 
secuon are built of a dense layer composed of Peytsonnelia 
thalli alternating with thinfilrosof calcified pleurocapsalean 
cyanobacteria (Pi. 4/5, layer b). Below, a 2-4 mm thick layer 
of weakly translucent thrombolioc (clotty) limestone occurs 
which is alicified at the top (PL 4/5, layers c and d) and 
encloses in many places well-preserved remnants of 
pleurocapsalean sheaths (PL 5/6). The thrombotic layer 
passes into a broader zone composed of irregularly wrinkled 
or slighdy arched foliaceous thalli of Peyssonnelid giving 
the reef structure a cystous appearance (see PL 3/4, above the 
arrow). The zone is thicker at shallow water depths (0-5 m) 
where itauains 15-25 cm, and much thinner (3^ cm) close 
totheO^Smterfacc-ITiearc^^ 
algae, on the average 250-300 pm thick, are loosely attached 
to the substratum, overlapping and often curling back on 
themselves (PL 4/5, layer e, 4/6 and 5/1). The cavities 
between the sheets are either empty or partially or entirely 
filled with internal sediment composed predominantly of 
clotty (peloid) micrite and sparry cement (PL 4/6 and 5/1) 
Some peyssonnelid thalli display hypobasal calcification in 
the form of botryoidal aragonite fringes, 100-250 fim thick, 
very similar to those described recently by James et al 
(1988) xn Holocene peyssonnelid algae from the Bahamas. 
The hypobasal aragonite in peyssonneUds and other corallines 
has been interpreted as syngeneic and probably the product 



of metabolic activity of the algae (Walker & Moss 1984* 
James et al., 1988; Bosence, 1991). In the Satonda' speci' 
mens, however, the botryoids usually replace micriric sed- 
iment evidently predating the hypobasal calcification It 
seems therefore that the botryoids represent rather early 
diagenetic calcification (cf. Alexandersson, 1974) evoked 
probably shortly after the deam of the algae by microbial 
decomposition of the non-calcified hypobasal algal rhyzoids. 
The latter, in fact, have never been found preserved in the 
Satonda peyssonnelids. 

The lowermost part of the muliriered peyssonnelid 
canopies comprises a dense set of thalli forming a 2-5 mm 
thick band, distincdy separating the cyanobacterial-red algal 
zone fjom the underlying peloidal zone (Pis. 3/4 and 7/3). 

The peloidal zone 

The lithology and biotic composition of this unit differs 
sigruficandy from the overlying cyanobacterial-red algal 
limestone described above. The sharp contact between the 
two zones has a discontinuous character (Pis. 3/4 and 7/3, 
marked by arrows). This discontinuity can probably be 
attributed to a rapid change in Satonda Lake chemistry 
caused by the eruption of the nearby Tambora Volcano in 
1815 (ashfall). The zone attains an average thickness of 15- 
20 cm and passes downward continuously into the siroma- 
tolitic-siphonocladalean zone. The lower boundary of the 
peloidal zone has been arbitrarily placed at the level where 
the first stromatolidc (micxolarninated) structures appear 
abundantly and the reef changes from a highly porous and 
brittle to a massive and hard structure. 

The porous sediment is composed mainly of micritic 
peloids 30-250 jam in size with a significant contribution of 
thrombose micrite in places. The peloids are not well- 
sorted but are sometimes graded and form micrinc laminae. 
Many of the peloids are surrounded by rims of structureless 
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^ 7 ** CalCarC ° US Cnm built ^^rallinacean (Uikoporella sp.) and 
E n T (P ^ sonneha ™* ^gae intercalating with calcareous tubes of nur^uHMd forar^nifers 

^JS^St^Si 35 IT* ^ SlZed ° ySXS (thin airOW >* ™ e -yanobacterial-xS iSSS^Z 
community is associated with large population of monaxonid demosponges (Subentes so WhicrTrricZ. 

Abu^o^ U 7^ Surface sample 8, «K 7 ! 
cyariODactenal-red algal community. Sample same as above; scale bar = 50 urn 

™sr* S zizts— of picurocap ^ ms *» - ~» 

c^oSSL^^f ^ p,e !^P salean fr0m "* ^ ° f *e living 

KSh , W ? milnatop v,cw - S^Pte 1 1. 7, depth 9 m; scale bar = 30 urn 

«M|d calcareous cn,st u. a top view (desiccated specimen). Note the microgranular charac^S 
Mgcalcite permmeratong the cyanobacteria! sheaths. Sample 1 1, station 7, depth 9 arsca^-To^S 
JSLTT* Vari ° U , 5 of of desiccated pi urocapS c^S^^Z 

""J**** cyanobactenal-red algal calcareous crust in a top view; scale tar = 10 juT g 

nm ZIZ a^^T* SU T ,Cial pa " iDtt 0f cyanobacterial-red algal zone (for a top view of the 
S^SL^^L^ f ' ° f Calcifie<1 P ,e «™*P***n deaths encrusting a monostiornatous 
toUus of strongly calefied coralhnacean alga Uthoponlla sp. Sample 10, station 7. depth 9 m; scale bar = 
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sparry calcice 1 5-25 thick. Calcified ellipsoidal to fusiform 
fecal pellets of cerithiid gastropods, up to 800 fim in length, 
are also present and may in places occur in dense 
accumulations (PI. 7/3). Shells of the gastropods are often 
found immurated in the peloid sediment. Some of them are 
encrusted by thin layers of stromatoliric sedimenL Some 
larger peloids and part of the gastropod fecal pellets are 
silicified. The silicification may be complete or is limited 
only to the outer part of the grains (PL 7/4). Skeletal grains 
associated with the peloids include foraminifers (miliolids 
and undetermined uniserial textularids), ostracods and tinv 
serpulids. J 

Peloidal sediments similar to those from Satonda Lake 
are present in carbonate build-ups of a variety of ages They 
may occur as in ternal sediments and in open spaces between 
reef frame builders (e.g., Palmer & FOrsich, 1981' Krebs 
1974; Steioer & Wurm, 1980; Dabno et aL. 1981; Rao' 
1987; Reto et aL, 1990). It is uncertain whether the genesis' 
of peloids was inorganic or organically induced. Hetero- 
trophic bacteria have been recently suggested as possible 
precipitating agents (Chafetz, 1986). Association of some 
sihcified Satonda Lake peloids with remnants of coccoid 
pleurocapsalean cyanobacteria suggests that they may 
i^resentdwomposedand 

of calcified coccoidcyanobacteria,Le.,miaobialstmctures 
closely related to in situ calcified cyanobacterial stromatolites 
This suggestion needs to be supported by further detailed 
studies. 

The scromatolitic-siphonocladalean zone 

This zone comprises the bulk of the Satonda Lake reef 
framework and directly overlies the lava substratum its 
thickness varies considerably with lake depth, attaining 50- 



80 cm near the lake surface and only 2-5 cm close to the reef 
base. 

The rock is composed of variously sized, elongated and 
irregularly twisted microJteminated bodies densely intergrown 
to form a massive calcareous structure. Small spaces between 
the laminated bodies are filled with clotty micnte or they 
remain empty (PI. 7/6). 

The central part of each microlaminatedbody is occupied 
mostly by one. rarely by two or three empty cylindrical tubes 
not adhering to each other, attaining 90-220 jam in diameter 
(PL 7/6^7). The tubes are, as a rule, equidimensional with 
occasional constrictions and scarce lateral branches. The 
size and shape of the tubular structures leaves little doubt 
that they represent remnants (moulds) of siphonocladalean 
green algae and are essentially similar to filaments of 
Cladopkoropsis associated with the living reef surface. 
Similar to the living Cladopkoropsis the tubular structures 
are most densely distributed in the microlaminaied rock 
which has been formed in shallow water. The distribution 
density of the tubes decreases apparently with depth. Below 
10 m they are lacking and the rock is composed exclusively 
of microlaminated columns and nodules of various sizes. 
The mostly central position of the algal tubes in the 
microlaminaied s [rue tores indicates that the siphonocladalean 
filaments formed originally the growth base for the calcareous 
encrustations. After decay they left the empty tubes behind. 

The laminated deposits surrounding the siphonocladalean 
tubes areclearly of microbial, i.e.. stromatolite origin. Since 
the individual stromatolites are not visible to the unaided eye 
they can be classified as micros tromatolkes (Hofmann, 
1969). Their texture is in optical micrographs defined by 
altemaringdark-lightcouplets of micrinc and sparitic laminae 
(PI. 7/6-7). The dark laminae are thinner (15-50 urn) than 
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^^^^f^ ZOne ' ^ oid31 zone and stromaiolitic-siphonocladalean zone of 
stromatolites, Satonda Crater Lake, Indonesia, October 1986. 

fi^flf PJ 0111 ^ °^ ^ e single-layered thaili otLithoporella sp. from the living surface of thecyanobacterial-red 
algal zone in a top view (desiccated specimen). Attached to Lithoporella^ shrui*en S 

ctarl S Tvf t ciwto ™> of cyanobacterial-red algal zone close to the fivL surface 
2^?? ^ ^ *" CeUs ° f * e ^^riacean J^7^JS!S^ 

Fi„ i v - . Sample 8a, station 7, depth 6 m; scale bar = 30 urn 

te^n^^Zf ?? P°*°» of thecalcareous reef showing the **p boundary (arrowed) 

K? 5* ^SS^S^r^ (am>Wed) ^ *** & 0id21 z ™ shown in Fig. 3; scale bar = 200 urn 
SttomatoliucUyers. Sample 8, station 7, depth 7 m; scale bar = 500 urn 

^os^^Ts^^ft 0 " 00 ^ "** ° f ** feef to™™*' ™ e m --e rock is built 
^^„?„r ^ s^atohbc layers; their complex configuration is due to various calcifications of 
StaSSSL^S? cyanobactenal layers overgrowing filaments of now decayed siphonocladaS 
Fig. 7 2SS£?fi2S ^r° We<0 - S T. PlC 47 ■ Stad0n 10 ' water ma * scale b£ = 50oZ 
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thehght ones (20-300 Mm). Thzy display subparallel to 
subcystose or cystose arrangement (PL 7/7) and are often 
gathered m sets separated by thicker light bands. Pillar- and 
column-shaped micriric structures occur sometimes at 
junctions between neighboring cysts. The texture of the 
SatondamicrostromaioUtes is remarkably similar to internal 
patterns observed in vertical thin sections of, e.g., Lower 
Proterozoic stromatolites (subcystose patterns; see Walter, 
1983, photo 8-11), certain Ordovician and Lower Carbon- 
iferous scromatoporoid stromatolites (cystose to subclaihrate 
patterns; see Galloway, 1961; Dong, 1964),andQuaternary 
lacustrine stromaiolites (subparallel to subcystose patterns- 
see Casanova, 1987; Hiluure-Marcel & Casanova, 1987)' 
or even Paleozoic biostrucmres known as Wttheredella 
Wood, 1948, and related problematic fossils. We have 
addressed this questions in two separate papers (Kazmerczak 
& Kemfe, 1990, 1992). ««*«ak 

SEM analyses revealed that the dark and light laminae 
differ sharply both in their microstructural andmineralogical 
characters. SEM pictures and EDAX mapping of etched 
sections show that the dark laminae have an irregularporous 
nucrostructure and are composed of microgranularhigh Mg 
calcite, whereas the light ones arc compact and built of 
fibrous aragonite (Pi. 2/8-9; PI. 8/1-2, 4). 

The remnants of the original microbial community 
generating the stromatolitic structures are recognizable in 
the dark as well as in the light laminae. They are much better 
preserved in the dark laminae, where they occur as patchy to 
serruconunuous clusters of coccoid microfossils which can 
be easily identified as CaCO a permincralized capsules 
(sheaths) or moulds of capsules of pleurocapsalean 
cyanobacteria. Very similar, if not identical, capsules have 
been described from other modem and fossil stromatolites 
(e.g HoRODYSKi& VonderHaar, 1975; Krumbhn& Giele 
1979; Kazmierczak & Krumbein, 1983; Bratthwatte et al/ 
1 989). In the light laminae the remains of the original pleuro- 
capsalean cyanobacteria are occasionally preserved in the 
aragonitic matrix as indistinct patches of former cell 



aggregates (PI. ?/2) or residues fthe outer common sheaths 
(glycocalyx) which surround the cell aggregates during life 
(PL 8/6). Careful etchings with EDTA demonstrate that 
traces of a continuous mass of coccoid aggregates can be 
detected throughout the aragonitic layers. They arc Wsibleas 
shallow, roundish depressions etched within the horizontally 
striated aragonitic background (PL 8/4-5). The size and 
mode of distribution of these depressions correspond exacdy 
with the well preserved pleurocapsalean aggregates from the 
dark laminae. This permits the conclusion that the entire 
microstromaioliiic structure was produced by the same kind 
of cyanobacteria and that the final textural, microstructural, 
and mineralogical differences expressed in the micro 
stromatolites were to a large extent controlled by abiotic 
environmental factors. 

Itseems that two basically dirTerentcalcificauon processes 
of the coccoid cyanobacterial mat were involved in the 
formation of the microstromatolites. Thedark calcine laminae 
originated most probably as the result of rapid in vivo 
calcification of the coccoid mat surface. The fast calcificaiion 
was presumably the crucial factor enhancing the relatively 
good preservation of the microbiota noticed in the dark 
larninae. The microgranular calcite permineralizing of the 
coccoids in the dark laminae is identical to that covering the 
living cyanobacteria today. The light aragonitic laminae, in 
cum, appear to be the product of early diageneric (early post 
mortem) calcification of the subsurface masses of coccoid 
cells which, due to periodic formation of the in vivo calcified 
surticial cell layers, have been closed in cryptic micro- 
environments where they underwent microbial decom- 
position and concomitant permineralizarion by aragonite. 
Thread-like bodies occurring in some aragonitic laminae of 
the Satonda microstromatolites which are reminiscent of 
sheaths of sulfur bacteria or flexibacteria seem to support 
such an interpretation. Calcification processes in decaying 
cyanobacterial mats evoked by bacterial degradation (mostly 
sulfate reducers) below the zone of photosynthesis have 
been recently advanced as major factor in CaC0 3 formation 
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™^ 0 r^% 5t ^ CQre °L** STO ^tohtic-si P honocladalean zone of the Satonda Crater Lake 
stromatolites, Indonesia, October 1986. 

Vertical section through the stromatoUtic-siphonocladalean zone of the Satonda Crater Lake calcareous reef 

calcite. Sample 47, station 10, above water table; scale bar = 100 tim * g 

SEM picture of (Fig. 1) (formic .acid etched vertical section) showing the sharp cextural difference between 

Crsc^^^ 
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(Krumbon & Cohen, 1977; Lyons et al. p 1984). Similar 
carbonate precipitation mechanisms involving anaerobic 
respirauon has been also suggested as morphogeny agent 
for some Precambrian microstromatolices (Lanier^ 1988). 

5*2 Onshore digs 

Atsiarionlrwodigsweremade(foTlocationsseeFic 7 
squares 1,2). Ihe lithologic profiles of these digs are given' 
•inBg. 8. Both sites were covered widi about 9 cmof volcanic 
ash and sand washed down to the beach from the crater wall 
In dUg 1 several layers of calcareous mud and sand mixed 
with volcanic sand and lapilli occur. 

Numerous molluscs shells have been found embedded in 
this sediment These axe: two cerithiid gastropod species, a 
muncid gastropod Ocenebra sp.,Nentina sp., and a venerid 
bivalve ILioconcha sp. - see PI. 2/2-6. 

The sediment enclosing the mollusc shells is very rich in 
both calcareous and agglutinated benthic foraminifers 
diatoms, ostracods, and small skeletal fragments of 
echinoderms and hryozoans. Following foraminifers have 
been identified: Ammonia beccani (Linn*) forma tepida 
(Cushman) , A. beccari (Linn*) forma parkinsoniana 

V** 1 ^), Rosalina bradyi (Cushman), Discorbis cf 
vesLcuforis (Lamarck), CymbahporettacLptana (Cushman) 
Peneroplis sp„Elphidium sp., Bolivina sp., Glabraiella sp 
mihouds (among others representatives of Triloculina 



Quinquetocutina and Miliolinella)> Textuhria sp., Wuli- 
minoides sp., ILaterostomella sp., and numerous un- 
identifiable incrusting forms. Compared with normal marine 
specimens the calcareous foraminifers from Satonda have 
strikingly small and thin tests what may indicate a lower 
salinity of the SatondaCrater Lake water during theirlifetime. 
The oscraccds associated^ 

sp., Bairdia sp., Cythvopsis sp., Semicytherula (?) sp.) are 
also known as forms tolerating low salinity. 

At the depth of 55 cm a dark brown organic mud with 
many plant remains and pieces of wood was found which 
was devoid of any shells or carbonate sediments. The same 
layer was found in dig 2 immediately below the upper ash 
layer. A piece of wood from this layer was dated by ,4 C It 
yielded an age of 3920 ± 30 years BP. 

A series of digs was also conducted on the coastal plain 
of Satonda Bay (Fig. 3). Digs I, 2 and 3 uncovered the 
Tambora 1815 sequence of ashes, lapilli andpum ice. Slightly 
up the crater rim this layer was 60 cm thick and covered a 
red-brown paleosoil. On the plain the Tambora ash was 85 
cm thick and covered a light brown silt with apparently 
calcinated and/or weathered marine shell and coral debris. 
One of these shells was dated also by ,4 C yielding an age of 
310 ± 50 years BP (international agreed conventional age 
minus 400 years for apparent age of seawater). 
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S3 Sediment core 

w « recovered one sediment core from the center of the 
lake. Because ithadavery high watercontent, wecouldonly 
open and cutitafter it had ample time to dry. One can easily 
discern 13 lithologic units within the core (Fig. 9). Some of 
the core sections are varved (units I, VI, VII, Vm) others are 
mottled or structureless. The varves consist of couplets of 
toght, calcareous lamina and darker, carbonaceous lamina 
Jne existence of varves attests to anaerobic bottom waters 
devoid of burrowing benthic life. 

snJ^.^w^' CaC0 > «*CBn«wta« rise to over 
au% (lable 1 1). Microscopic investigations show that ihey 
are composed of wheat-grain aragonite. The preservation of 
aragonite a( the bottom of the lake shows that bottom waters 
must have been supersaturated with regard to all Ca and Me 
carbonate minerals for quite a long time (aragonite is the 
most soluble alkaline earth carbonate mineral). In the upper 
15 cm of the core, nine distinct carbonate layers can be 
identified. They may represent years of intensive plankton 
Diooms. causing unusual depletion of free CO a high P H 
and a high CO,* concentration and a high carbonate mineral 
supersaturation. Unit VIII is composed of a series of such 
whue bands, the lower section of which appears to be 
slightly disturbed by slumping. 

It is difficult to discern if the unvarved sections are 



torbidites, slump masses orregular sediments not influenced 
by seasonal variations. Conspicuous are two ash layers 
(units HI and X) . They were inspected microscopically by K 
Heyckendorf who observed biodte and spherical pumice in 
bom layers. These are components typical of the 1815 
Tambora ejecta. He therefore suggested that at least the 

upprlayerisredepositedash.Inorderiotestthisassumption 
unit Vm which contains enough organic carbon (Table 1 1) 
was dated by "C. The result yielded 140 ± 140 years 
suggesting that unitXis the Tambora ash proper and that unit 
m is redeposimd. However, the thickness of both layers 
together amounts to only a few centimeters, not at all 
comparable to the 60-80 cm of ash deposited on Satonda. 
Either an appreciable amount of the ash has dissolved in the 
lake water (compare siliceous layer in the cyanobacieria-rcd 
algal stromatolite layer) and the larger pieces of pumices 
floated to shore or the core did not reach the in situ Tambora 
ash at all and unit X contains also only redeposited Tambora 
material. — 

The chemistry of the sediment is quite variable as far as 
itsCaCO,andorganiccarboncontentis concerned (Table 1 1). 
In contrast to this, the phosphorus content is quite constant 
and does not show any conrebuon with the C content. C/ 
P ratios fluctuate between 220and20,i.e., they are relatively 
high. Contributions by inorganic phosphorus especially in 
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the ash layers may be apossible expiation. The 5»C values 
of the organic carbon are quite constant, as is expected if 
njostofltooiBanlccarbonisof terrestrial origin, lvalues 
of the carbonate are on the other hand quite variable the 
^val^occurintheloweruniuoftte core, suggesting 
a shift m the carbonate isotope composition of the surface 
water of the crater since the Tambora eruption 

fJZ *T 1 ' V i ** Vm a rich mic ^fossil fauna was 
found, constsung of up to six diatom species, a species of a 
calcareous foraminifera, up to two speciesof sOicoflagellaies 
and broken monaxonid sponge spicules. Also, subspherical 
cartonater^,« weiefoundfc^edaroundspiral trichomes 
olAnabaena. The other units did not contain identifiable 
organic remains, except of broken sponge spicules. 

6 CHEMICAL AND BIOTIC EVOLUTION OF 
SATONDA CRATER LAKE 

hyC ^ hemica1 ' sedimentological and radiometric 
age data coUccted permit a tentative reconstruction of the 
depositional history of Satonda Crater Lake 

thou^ ,3St 6rUpti0n ° f Satonda Volcan ° several 
thousand years ago, its two crater were filled with fresh 

2£Z by ° fganic ™ d we below the 

f < ^ ientS * lake beach - Abou < 4,000 years 
ago the fresh waterwasreplacedbyseawater.Thismayhav; 
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been caused by a partial collapse of the southern crater rim 
wn,ch left a large semicircular theater-like scan the present 
Satonda Bay. The width of the crater rim at its most narrow 
place was only 30 m allowing the penetration of heavier 
seawater into the crater. In the beginning, the lake was not as 
alkaline as today, allowing the settlement of the marine 
organisms listed above (see Chapter 5.2) along the lake 
shore whereas others, like the serpulids and the bivalves 
Pinctada (see PL 1/6) colonized slightly deeper water 
Evaporation in small lagoons at the beach formed gradually 
seawaterof high salinity which collectedat the bottom of the 
crater, creating permanently anaerobic bottom waters 
Organic matter accumulating in this layer produced 
subsequendyviasulfaiereductionand/or silicate dissolution 
an increase in alkalinity. The lake itself was mixed down to 
50 m depth due to evaporation induced salinity convection 
in the dry season. During that time additional seawater 
would infiltrate the lake increasing its salinity to 108 % that 
of seawater. During the rainy season a fresh water lens might 
have been formed on top of the lake, rising its level and 
causing outflow of relatively fresh water to the sea With 
increasing salinity and alkalinity in the lake water 
calctficaDon of cyanobacterial mats growing on rocky' 
grounds started forming quickly the bulk of the reefs (the 
stromatohtic-siphonocladalean zone). The molluscs 
gradually died out with th exception of one species of 
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growth of the stromatolitic structures 
and resulted in a rapid increase in SiO 
in the water column, leading to 
silification of some originally calc- 
areous cyanobactcrial layers (PL 4/5). 
An apparent trend to increasing 
alkalinity is visible at present in the 
chemical evolution of lake which is 
documented by the dominance of 
cyanobacterial mats in the living reef 
cover, 

7 CONCLUSIONS 

The calcareous reefs in Satonda 
Crater Lake grow essentially by in situ 
calcification of cyanobacteria. The 
most important environmental factor 
responsible for cyanobacterial cal- 
cification is, in our opinion, the high 
supersaturarion with regard to calcium 
carbonate minerals. At Satonda, 
calcification proceeds ataSI^of -rO.8. 
Values for normal surface seawater 
range from 0.4 to 0.6 (e.g. t Pegler & 
Kbmpe, 1989;Kempe&Pegler, 1991). 
At such levels of supersaruration only 
enzymatic calcification can proceed, 
whereas nontraumatic precipitation, 
like that induced by cyanobacteria, 
cannot occur under normal marine 
conditions. Cyanobacterial calcif- 
ication is reported from a wide spec- 
trum of different water types: from 
hypersaiine alkaline lakes, from low 
mineralized alkaline lakes and from 
hard-water environments. In a recent 
paper we compared four settings of cyanobacterial reef 
growth (Walker Lake, hypersaiine; Lake Tanganyika, low 
salinity; Andros Island Ponds-Bahamas, hard water) and 
found that all of them are characterized by very high 
supersaruration indices similar to the supexsaturation index 
measured for the Satonda Crater Lake water (Kempe <fc 
Kazmterczak, 1990a, b).Otherfactorssuch as highalkaliniry 
the calcium concen trations, and a high Mg/Ca ratio are only 
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_ ~ — ^ i cunLHjr/a prior to its 
enipnon remains to be seen. For the lake the upliftmeant the 
interruption of its connection to the sea Rain water 
accumulated in the lake which could not flow out to the sea 
and created an upper layer with a salinity lower than before 
Ihus.nsubt.ngthemiddlelayerfromcontactwithairrnaking 
Uan^robicaswelLThclakebecamestratified^midwater 

«f* fi g h,uphftoftheSaion daIslandcausedthedecrease 
oftheake water salinity to aquasi marine level and enabled 
*e colonization of red algae and nubecullinid foramimfers 

lake of ash and pum.ee (60-80 cm layer) after the 1815 
Tambora eruption have interrupted for a short time the 



" O wuwc/iJUdLLUll UI Uie 

carbonate ion is most easily done in systems of high 
alkaunities and high productivity. The withdrawal of CO 

and theconservationofthechargebalanceisthekey reaction- 
2HCO ; --> CO, + CO^ + H^O 

The example of Satonda shows that, given upright 
geological surrounding, even modem seawater can be trans- 
formed into an environment generating calcareous stroma- 
tolites. 

The microstruccure f the Satonda stromatolites has 
many similarities to that of Precambrian and Paleozoic 
calcareous microbialites (both stromatolitic and ihrombo- 
imc). There is no principal difference among them and many 
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of our thin sections have identical matches in the fossil 
record. It is therefore plausible to conclude that the Pre 
carnbnan Ocean ^ araghcarboiate mineral supersaturation 
and that « was most probably more alkalineZTth "Sa of 
^y.Inasense.SatOTdaisabigexr^entalvesselSfere 

and not a tnck nature knew how to play a billion years ago 
and has forgotten in the meantime 

aboutlS* Tw ted defiDiKly not '*•» ^ word 
about Satonda At best our conclusions can be tentative at 

could resolve the history of the last 4,000 years in ereailr 

AccompIexswryofmassbalancesandisotopicfracriSonT 
not even touched upon in this study. "^"^ons 

The role of cyanobactcria in the lake is also felt in the 

n u °V n au * e »« l «» matter. Nitrification seems 
to^highmthelake.Unusualforseawaterisalso^aS 
of Ae lake to maintain high DOC concentrations Both Z 

to beintcresttngdetails inadiscussion of the chemistry of the 
cvanobacteria-dominated early ocean. Kmisir yoiVK 
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SUMMARY 

In the freshwater areas of the Everglades, Florida, 
U.S.A., carbonate is precipitated in dense cyanobacteria! 
macs. Precipitation is linked with photosynthesis in the 
mats in a quantitative relationship. 

On ground of field observations and experiments a 
model for precipitation in the filamentous cyanobacteria 
Scytonema is proposed, which links precipitation to bicar- 
bonate use in photosynthesis and subsequent release of 
OH" ions. 

Besides supersaturation of the water with respect to 
carbonate and photosynthetic bicarbonate use, precipita- 
tion requires a suitable sheath structure and composition. 
The charac (eristics of the sheath seem to be responsible for 
a distinct crystal morphology in the two gen ra Scytonema 
and Schizoihrix, as well as for the restriction of calcifica- 



tion to the outer sheath in Scytonema. In the immediate vi- 
cinity of the trichom precipitation seems to be inhibited. 

Comparison of this form of calcifying cyanobacteria with 
calcification in calcareous algae shows many similarities and 
rises the question of the biological significance of calcifica- 
tion or precipitation. 

The precipitated carbonate shows equilibrium precipita- 
tion in its 5 oxygen values, while it is enriched in relative 
to the ambient water. This agrees with arnodel of precipitation 
in which the carbonate derives from the water immediately 
surrounding the filament There the water is depleted in *K 
which is preferably taken up for photosynthesis. No respira- 
tory carbon is involved in precipitation. 

From measurements of the amount of precipitation in the 
field and in experiments the annual sedimentation rate is 
estimated to be 0.024 to 024 mm. These values fall within the 
range of laminae thicknesses in fossil algal laminites. 

1 INTRODUCTION 

From the Precambrian-Cambrian boundary until the end 
of the Cretaceous, calcifying cyanobacteria frequently occur 
in normal marine environments. After the end of the Creta- 
ceous, however, they seem to be restricted to non-marine 
settings. In the Modem, calcification of cyanobacteria occurs 
almost exclusively in freshwater, and hypersaline or brackish 
waters. Because the precipitation is extracellular, this change 
in environmental distribution is believed to reflect changes in 
sea water chemistry. It has been proposed thai the calcium/ 
magnesiumratio (Riding, 1982) or the degree of supersaturation 
with respect to carbonate (Kjlmpe & Kazmierczak, 1990) of the 
oceans changed, leading to less favourable conditions for 
precipitation. To determine, what other environmental factors 
may have affected this change in geological distribution, it is 
neccessary to know which mechanisms of calcification exist 
in cyanobacteria and how the mu tual influence of organic and 
inorganic factors in precipitari n might vary in different 
environments. 

Photosynthesis and photosynthetic uptake of bicarbonate 
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have been shown to be the driving mechanism for the 
calcification m many calcareous algae (Borowttzka 1990) 
The same was suggested for cyanobacteria (for example-' 
J™. 1972; BRAirHWAirE etal., 1989). CbnclnSt 
dence from field observations or experimental data, how- 
ever are scarce It has been shown by Gibson that in the 
Florida Everglades the timing of carbonate precipitation in 
cyanobacterial mats coincides with photosynthetic activiry 
and that inorganic factors seem to play a negtegible role in 
precipitaaon (Gleason, 1972; Gleason & Spaceman 1974) 
The Florida Everglades, therefore, have been chosen as an 
excellent location for field experimentation on the mecha- 
nism of carbonate precipiation. 

2 INTRODUCTION TO CYANOBACTERIA 
2.1 Photosynthesis 

Photosynthetic activity is an important factor in the calcifi- 
cation of calcareous algae. By its effect on water composi- 
Hon and especially P H. it creates an environment where 
carbonate precipitation can easily be induced 

,n^ h0t0 \ yn ? eSiStranSf0nnslightener 8y in »ch e mical 
energy which can be used for the formation of organic 
molecules from C0 2 and other inorganic substances The 
photosynthetic apparatus of plants and cyanobacteria 
which absorbs the energy, consists of two photosystems 
(PS I and PS II) in which photosynthetically active 
pigments, generally chlorophyUs, absorb light of an 
appropriate wavelength. The absorbed light energy is 

™ tranSf0rm , Cd int0 cnemicaI en <*gy (NADPH and 
ATP) via two electron transport chains. Thereby water is 
reduced m PS II. While the hydrogen is used in the 
electron transport chains, the oxygen is released by the 
cells into the medium. The energy stored in NADPH and 

£Z>« f * e synthesis flfSt of a hexose, and 

subsequently of various other substances. ■ 

The synthesis of these substances begins with the attach- 
^ ? RUBP ^^ladon'). The reaction is 
catalyzed by the enzyme RUBISCO-carboxylase. In this 
reaction the COz can be substituted by Oz, which leads to the 
unintentional oxidation of RUBISCO instead of its 
carboxylauon. Photosynthesis is more effective, the higher 
the ratio is of COz to O2, because less energy is lost by the 

oxidanonofRUBlsco.PlantsandcyanobacteriadevelJped 
various techniques to increase the concentration of CO, 

relative to O^TheRUBISCO of cyanobacteria has an espe- 
cially low affinity for CO* (Raven & Lucas. 1985) Nev- 
ertheless cyanobacteriaphotosynthesize rapidly even at low 
^-concentrations. They posses a mechanism which al- 
lows them to increase the intracellular concentration of 
inorganic carbon (DIC) up to 1000-fold above that of the 
amtaenj water (Lucas, 1983; Voloktta ct al., 1984; Kaplan 
etal., 1987). The DIC concentrating mechanism consists of 
anenergy consuming pump-system, which actively tak s up 
DIC and transports it into the cells (Kaplan et al 1987 
Badger & Price, 1989). COj is taken up preferentially bul 
bicarbonate is taken up as well, especially at high pH- values 

i^ai?^' I980: ^ & Ba0G£r . »989 a; Milur 
et ai.. 1990). The species arriving at the inside of the cell 



seems to be always HCO3- (Badger etal.. 1985; Ocawa & 
Kapian, 1987; Reinhoud etal.. 1987). In the cell interior the 
conversion of HCO3- to COj is catalyzed by the enzyme 
carboanhydrase(CA). Whichever carbon species was taken 
up, only COj is finally used for the carboxylation of 
RuBP. Nevertheless, in the following HCO3- use in photo- 
synthesis' will be used if the original species taken up was 
bicarbonate. 

The energy required to run the DIC-pump is balanced by 
the increase in the rate of photosynthesis under low-CO, 
conditions In environments where COj supply rather than 
the available light energy limits the rate of photosynthesis 
the active uptake of HCCV gives an advantage over organ- 
isms which have to rely on CO2 uptake alone. Under high O, 
concentrations, as frequendy found in microbial mats the 
intracellular accumulation of DIC might help to suppress 
oxydauonofRuBP(P I uNs&ELZENGA,l989;RAV EN &LucAS, 

Another positive effect of the DIC concentration could 
be as a protection from photoinhibition (Badger & An- 
drews, 1982; Kaplan, 1985; Krause, 1988). Photoinhibition 
occurs when more light energy is absorbed by the photo- 
systems than can be used for the formauon of NADPH and 
ATP. Some of the excessive energy is released in the form 
of fluorescence or heat, but the rest might irreversibly 
damage the photosyntheric apparatus. An active DIC pump 
allows higher rates of carbon fixation, so that higher light 
levels could be utilized. In addition some of the potentially 
damaging energy could directly be used to run the pump 
(Kapian, 1981). w v 



2.2 Carbonate Precipitation Associated with 
Cyanobacteria 

Cyanobacteria can live as single cells (coccoid cyano- 
bacteria) or several cells may be linked to form cell rows 
called tnchom. If the trichom is surrounded by a mucilagenous 
sheath, the structure is called a filament. The main constitu- 
ents of the sheath are polysaccharides. The function of the 
sheath is sail unclear, but it seems to be involved in the 
ability of many benthic cyanobacteria to glide towards 
optimum light conditions. 

The occurence of cyanobacteria is frequently linked 10 
the deposition of carbonate. By trapping sediment between 
the filaments, they are involved in the formation of 
stromatolites m both sea water andfreshwater. Cyanobacteria 
can also calcify when carbonate is precipitated in association 
with the organism. The result of precipitation is often a 
micntic tubesurrounding the filament or the trichom Similar 

ttibescanbefoundmthefossilrecordinmarineenvironments 
from the Precambrian-Cambrian boundary until the end of 
the Cretaceous. Various names are given to these fossils 
depending on the tube diameter, possible branching and 
overall growth form. While some of the names might unite 
several biological species under the same fossil name (Riding. 
1977 b). and others might be due to organisms other than 
cyanobacteria, there is Hide doubt that most of them do 
represent calcified cyanobacteria. From the Cretaceous on- 
ward, calcification seems basically restricted to non-marine 
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environments (Pentecost & Riding, 1986). 

In the Modern, calcification occurs in a variety of envi- 
ronments, often inshaUow water poor in nutrients (Gleason 
1972; S abater, 1989), and nearly always non marine. In* 
^hwater.calcifyingcyanobacteriacanfrequendyte 
in spring tufas or oncolites. It has been estimated thatin tufas 
the photosynthetic activity of the cyanobacteria can* only 
account for 1 to2%of the precipitated carbonate while the 
rest of the carbonate is precipitated because of equilibration 
?£K o a f^ Wfth ^ ^^eric conditions (Tentecost, 
1978). Calcification of filaments also occurs in shallow 
nypersaliraenvironm toperiods 
of emersionor freshwater influx (Golubic, 1983; Horodyski 
& VonderHaar, 1975) and in desert crusts orcaves where 

etal., 1989; Jones AKahle, 1986; Krumbein&Gdele 1979) 
Calcificauon of living cyanobacteria in a normal 'marine 
setting is only described by Golubic & Campbell ( 198 1 ) as 
a species specific calcification of various Rivularia species 
The degradation of dead cyanobacterial material also seems 
to promote calcification in cyanobacterial mats (Defarce et 
aJ 1985; Lyons et aL, 1984), although it is not always clear 
whether cyanobacteria have been calcified alive or post 
mortem (BSAJiHWAnEecaL, 1989). It seems unlikely that the 
mechanism of calcificauon and the degree of biologic in^ 
fluence is the same in all these environments. 

In calcification of modern cyanobacteria, a distinction 
has to be made between two different forms of calcification 
because they may reflect two different ways of precipitation 
concerning the degree of influence by the cyanobacteria. 
One is the encrustation of the sheath with carbonate, where 
the crystals nucleate outside on the sheath surface. This form 
has been called 'encrusted sheath 1 by Rising (1977 a). The 
result is a carbonate tube with an inner diameter reflecting 
the diameterof the filament This form of calcificauon often 
occurs in environments such as tufas, where mostly inor- 
ganic factors such as CO2 degassing or temperature increase 
lead to precipitation. An influence of photosynthesis on tufa 
deposition could not be shown (Golubic, 1972; Pentecost 
1980; Pentecost & Riding, 1986). 

Theotherform of calcification is the impregnation of the 
sheath with carbonate crystals. In this form, which is termed 
impregnacedsheath', are the crystals precipitated completely 
wiihin the sheath (Riding, 1977 a). The outer diameterof the 
resulting micrite tube corresponds to the outer diameter of 
the filament, while the inner diameter might have the same 
or a larger diameter than the trichom. It is this second form 
Of calcificauon which seems to be controlled by the organism 
with precipitation being closely tied to the physiological 
activity of the cyanobacteria. 

The calcification of the sheath also seems tfxdepend on 
taxa-specific characteristics (Pentecost & Riding, 1986) 
Pleaonema shows similar forms of calcificauon in different 
environments such as stromatolitic crusts in the Borrego 
Desert, California, (Krumbein & Potts, 1979) and tempo- 
rary freshwater ponds on the Aldabra Atoll (Riding, 1977 a) 
On the other hand, do different species calcify differently in 
the sameenvironment (Kkumbein & Giele, 1979; Golubic & 



Campbell, 1981; Letnfelder, 1985; Obenloneschloss & 
Schneider, 1990). The different morphology of the crystals 
is probably due to differences in the chemical composition 
and the arrangement of the polysaccharides in the sheaths. 
The polysaccharides probably provide a suitable surface for 
nucleauon. They absorb calcium ions, which consequently 
serve as binding sites for carbonate ions. 

In both cases, encrustation and impregnation of the 
sheath, the mineralogy of the precipitated carbonate corre- 
sponds to the chemistry of the ambient water. Aragonite is 
precipitated in sea water, high-magnesian calcite in brackish 
water, and low-magnesian calcite in freshwater (Pentecost 
& Riding, 1986). 

3 METHODS 

Temperature and pH were measured in the field with a 
portable Orion pHflT/volt meter (model SA 230) and an 
Orion combination electrode. For measurements of the pH 
in the cyanobacterial mats an Ingold combination electrode 
with a tip diameter of 3.5 mm was used. Temperature was 
measured with a resolution to 0.1 C, accuracy +/-1.0 C pH 
with a resolution to 0.01. accuracy ±0.02. 

Oxygen was 'measured in the field with a portable oxy- 
gen-meter from YSI, model 52, with a resolution toO. 1 ppm. 
The electrode was calibrated against air, following [he 
procedure described in the YSI manual. 

Water depth was measured against an arbitrary scale 
with a zero mark at the sediment surface. The light intensity 
was measured in the air with a portable lux meter from 
Lutron, model LX 101. 

For measurements of calcium and chloride concentration 
and of alkalinity , water samples were taken to the laboratory . 
For the calcium and alkalinity measurements, 30 ml samples 
were filtered in the field (Whatman G/Fglasfiber filters) and 
poisened with one drop of concentrated HgCl 2 to prevent 
alteration by biological activity . For chloride determination 
filtered 15 ml samples were taken but no HgCfe was added. 

Alkalini ty was titrated in 10 ml samples with 0. 1 or 0.05n 
HCl following the method by Gran (1952), using a Coming 
combination electrode to measure the pH changes after the 
addition of acid. Reproducibility of the results was better 
than 0.02 meq. 1, 2, and 3 meq laboratory standards of 
NaCOa were used for standardization. 

Calcium was titrated with 10 or 1 mmolEGT A according 
to the method of Gieskes (1986). Reproducibility was 1 ppm 
(0.025 mmol). A 50 ppm CaC0 3 solution was used as a 
standard. 

Chloride was also titrated following the method by 
Gi£skes (1986). The titrant was diluted to 0.01 mol. Repro- 
ducibility was better than 5 %. Belter results could not be 
determined because of the very low chloride concentrations 
in the samples. 

The amount of dissolved inorganic carbon (DIQ was 
calculated from the measurements of pH, temperature, al- 
kalinity, and calcium and chloride concentration, using the 
equilibrium constants by Mn i fro (1979), corrected for the 
ionic strength as described by Helder (1988). The amount of 
precipitation was calculated by the changes in calcium 
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concentration and alkalinity, with the decrease in calcium 
being equal to. and the change in alkalinity being twice the 
amount of precipitation. For the cyanobacieria the change in 
cataum reflects th amount of precitated carbonate while 
the change in alkalinity reflects precipitation as well as the 
amountof DlCbeingconcentrated inside the cells. Normally 
however, the amountof intracellular DIC can be assumed to 
be very small as compared with the amount of precipitated 
carbonate. Total DICs were calculated from pH, temperature 
and water analyses before and after the experiments. The' 
photosynthetic CCfc uptake was calculated assuming that the 
total decrease of DIC in the water, minus that removed by 
precipitation, reflects the DIC used in photosynthesis 

Cyanobacterial mats, water, sediment, and gastropod 
shells were measured for their carbon and oxygen isotonic 
composmon. All samples were measured with a Finnigan- 
MA r mass spectrometer, model MAT 251. 

Oxygen isotopes in the water were measured following 
the method by Epstein & Mayeda (1953). 

Carbon isotopic composition of the DIC in the water was 
measured in CO2 liberated from me water, following the 
addinon of 0.5 ml concentrated phosphoric acid to a 5 ml 
water sample. The samples taken at the beginning of the wet 
season (7/16/89 to 9/26/89) were allowed xo equiLate with 
10 ml of air This leaves oxygen isotopic composition 

basicallyunaffected.carbonisotopiccomposidon.however 
might have changed towards equilibrium values with the 
atmosphere. As the measured values are well below equi- 
librium values, the original composition must have been 
even lighter. 

Samples of the sediment and gastropods were always 
collected from the same horizon of a core to obtain samples 
of the same age that probably precipitated from a water of 
comparable isotopic composition. The shells were carefully 
cleaned from the attached sediment before being measured 
ihe isotopic composition was measuredin the'C0 2 produced 
after treatment wiih phosphoric acid. 

All laboratory work was done under supervision of Dr. 

^S 1 ^ eSablelMto ^ Uboraior y° ftheR ^tiei 

School of Marine and Atmospheric Sciences. University of 



shrinkage in the organic material. Th storage in alcohol 
h wever, leads to a certain volume change. 

For observations of the carbonate crystals in the sheaths 
the specimen were treated with sodiumhypochlorite (Clorox) 
to disintegrate the organic material. 



Sediment cores of the Holocene carbonate muds were 
taken manually with 8 cm diameter aluminum tubes. They 

W Tk Tr^ 1 ** md oven Fortn i« sections anj 
polished slabs, the cores were vacuum-impregnated with 

Cyanobacteriasamplesformicroscopicobservadons were 
fixed for several hours by theaddition of 3.5 % glutaraldehyde 
it. filtered water from the sampling site to preserve organic 
sutures. The samples were then gradually transferred into 
a 70 % alcohol solution. Samples for the electron microscope 
were cntical point dried. This method minimizes the dis- 
ruption oforganic structures by dehydration. First thesamples 
1 l oailsferred in <° cmyleneglycol then into 100 % 
acetone. The acetone is then replaced by liquid CO2. Finally 

cSxt Drl n? 2 ' li<,Uid and gaseous phL 

coexist. Drying under these conditions causes minimal 



The amount oforganic versus inorganic material was 
determined by ashing the samples at 55° C for 3 hours. The 
change in weight reflects the amount oforganic material 
whereby an amount of 7 % ash was assumed (Wolk. 1973). 

For the experiments, 0.4 to 1.0 g (dry weight) of cyano- 
bacterial mats covering floating parts of submerged plants 
were used, after being cleaned from plant material They 
were incubated in beakers holding up to 600 ml ofsampling. 
site water. The experiments were generally started in the 
early morning, before the onset of photosynthesis, and run 
until the late afternoon when decreasing oxygen concentra- 
Qonsindicated the cease of photosynthesis. Someexperiments 
were run over 24 hours or even over several days, to measure 
dissolution as well as precipitation. The experiments were 
run in sets of 2 to 5 replicates and the same experimental 
setup was repeated on several days. 

Experiments were made with dichlorpheny ldimethylurea 
(DCMU), an inhibitor for the activity of PS II, and 
ethoxyzolamide. an inhibitor for bicarbonate use in photo- 
synthesis. DCMU was dissolved in methanol and added to 
the incubated samples to give final concentrations of 10-s 
5x10-5 and 10-6 mol DCMU. Ethoxyzolamide was dis- 
solved in Dimethylsulfoxide (DMSO) and appropriate 
amounts were added to give final concentrations of 2x1 (H 
1989 b) and 63tlCH 0101 eth03iyzoIamide (Pw^ & Badger,' 
As the effect of the inhibitors was variable on different 
days, each set of experiments included 2 to 5 untreated 
controls consisting of cyanobacieria incubated in pure sam- 
pling-sue water. The controls always showed significandy 
higheramounts of precipitation than the cyanobacieria treated 
with an inhibitor. 

In most experiments, no attempt was made to inhibit gas 
exchange with the atmosphere in order to prevent a buildup 
of high oxygen concentrations and therefore favouring 
photooxidation. Only when it was intended to measure the 
amount of photosynthesis were the experiments carried out 
m tightly covered beakers or in sealed Erlenmeyer flasks 
While pH, temperature, and oxygen were generally measured 
every hour, measurements in the closed containers were 
only taken at the beginning and end of every experiment. 

A slight underestimation of the amount of precipitation 
due to an lncreaseof ion concentration by evaporation in the 
uncovered beakers does not affect the interpretation of the 
experimental data, because the results are always interpreted 
in relation to untreated controls of the same day. 

To allow a comparison of the amount of precipitation in 
the various containers, precipitation was calculated, know- 
ing the amount of incubated cyanobacterial material as the 
theoretical amount of carbonate precipitated by 1 g cyano- 
bactena out of 1 1 of water in 10 hours (mmol/g/l/l0h) 
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4 CYANOBACTERIAL MATS IN THE FLORIDA 
EVERGLADES 
4.1 The Environment 

TheEvergladesaresituaiedatthcsouthemmosttipofthe 
FlOTidamanUand-Themostimportantenvironmenml feature 
is the seasonal ranoff of freshwater to the south and south- 
westoversix to eight months per year, temporarily covering 
ewcwive areas in the Everglades with shallow water. Where 
the freshwater mixes with the marine waters of Florida Bay 
a mangrove belt is developed protecting the areas to the 
north from marine influence. The typical sediment is a 
mangrove peat of varying thickness. Northward, in the 

freshwaterprairies,thereis a vegetationwhichcan withstand 
several months of complete dcssication, consisting mosdy 
of sawgrass (Cladium jamaicensis), a few scattered man- 
groves, and extensive cyanobacterial mats. Carbonate muds 
accumulate in these areas. Gu-ason has shown that the 
carbonate is precipitated during the day, within the 
cyanobacterial mats, rather than being caught between the 
filaments (Gleason, 1972; Guason & Spackman 1974) 
Inorganic factors are unlikely to play a significant role in 
precipitation in the Everglades. As the water flows over 
loge Asanas and is very shallow (up to 50 cm), it is well 
equilibrated with the atmosphere except for a temporal 

msequihbnum caused by thebiologicactivityofthemicrobial 
mats.Dunng times of complete water cover, flow velocities 
up to 25 cm per second (8/27/91) were estimated. 



The sampling site is locafed in the freshwater prairies 
east of Paurotis Pond, along the road from Florida Ciry to' 
Flamingo (fig. 1). It is covered by water from about July to 
January or February. During this time cyanobacterial mats 
devclop.coyering the sediment surfaceand submerged parts 
of plants. Well-developed mats are one to two centimeters 
thick. The surface of the mats is greyish brown or yellow 
because of a high content of protective carotenoids. Most of 




L ihl"^. P 8 SM -± maiked With a bUck « l«»«d 

P * e .^h~«sr ««5 of the Everglades National Pa*. ^ of 

Paurous Pond, at the road from Florida Ciry [0 Flami,^ 



the chlorophyll is concentrated in the deeper layers of the 
mats, causing a deeply green colour. 

The mats are dominated by calcifying species of fila- 
mentous cyanobacteria, Schizothrix and Scytonema (deter- 
mination by courtesy of S.Golubic). 

4.1.1 The Water 

The 1989/90 wet season (e.g. period of complete water 
cover at the sampling site) was relatively short due to little 
rainfall in this and theprcvious season. Itlastedfrom the first 
week of July to the end of December. By this time the site 
was completely dry again. During the wet season the alka- 
itmty of the water rose from 1 .5 meq in July to 2.5 meq at the 
end of December. The calcium concentration rose in the 
same time from 1.1 to 1.25 mmol. Only in the first week of 
July were both concentrations higher, with an alkalinity of 
1 .7 meq and a calcium content of 4.5 mmol. Both alkalinity 

andcalciumshowedtheirlowestconcentrationsinSeptember 
and October, when the water level was highest. As can be 
seen in fig. 2, the concentrations show a distinct peakui the 
middle of August, possibly related to a change in the flow 
direction of the water (in the figure indicated by arrows) At 
low water leve^less than 5 cm), the water at the sampling 
site flows to the east, while at higher water levels it flows 
westward over the sampling site. With the changing flow 
directions, water from slightly different source areas might 
reach the site. 

The concentration of chloride varied during the wet 
season between 1 .0 and 7.5 mmol after it dropped from 18 
mmol to 1.3 mmol in me first three weeks of watercover. The 
extremely high chloride concentration at the beginning of 
the season might be caused by the dissolution of easily 
soluble minerals that were precipitated during the period of 
dessication. 

The measured water temperature at the sampling site 
showed extremes of more than 4 PC in August to around 
10°C at the end of December. The average temperature lies 
around 25° C (Swart et al., 1990; Merz, 1990). 

While most of the seasonal variations in water compo- 
sition are due to the effects of evaporation and run-off 
alkalinity, calcium concentration, oxygen and pH also show 
strong daily variations caused by the activity of the micro- 
bial mats. The concentration of chloride is neither influenced 
by physiological activities nor by carbonate precipitation 
and was therefore measured as a reference to determine the 
importance of biological factors. 
Daily variations: 

In the first week of complete water cover, before the 
cyanobacterial mats were developed at the sampling site, 
alkalinity, pH, and calcium concentration were measured 
over 24 hours. The concentration of calcium rose slighdy 
during the day (from 4.69 mmol at 9 am to 4.79 mmol at 7 
pm), alkalinity showed a week maximum in the midmoming 
(1 .89 meq at 7 am. 1 ,90 meq at 1 1 am , and 1 .68 meq at 7 pm) 
The pH varied unsystematically between 6.93 and 7 75 
Later in the season, over well-developed cyan bacterial 
mats, temperature. pH. oxygen, calcium concentration, and 
alkalinity fluctuate systematically within 24 hours (Fig 3) 
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Hie P H can rise during day time more than one unit, up to 
values above pH 9. The lowest measured value was 7 04 in 
JntX? ™°™ n i< 8 ' 20 *9). The oxygen concentration, 
togetherwithrhepH.nsesduringdaydmeaboveequUibriorn 
values with the atmosphere. In the evening it begins to fall 
The minimum values of oxgeo are measured in the early 
morning. 3 

The concentration of chloride is constant throughout a 
day, indicating that the changes in calcium and oxygen 

concentranon.altaUnity.andpHaie^usedbymebioloftal 
activity in the microbial mats. 

Both pH and oxygen concentration depend on the pho- 
cosynthetic and respiratory activity of the microbial mats 
Photosynthetic CO* uptake causes the pH to rise. Simuita-' 

SESi ^ yg !T b releaSCd by ceUt R «P^tion is 
reflected by a decrease of oxygen concentration and pH 
because of the release of CO2. 

Calcium concentration and alkalinity show 1-2 hours 
out of phase, the reverse rhythm from oxygen concentration 
and pH. They decrease during the day, indicating carbonate 
precaution (luring photosynthesis. The lowest values are 
reached about one hour before sunset. During the night they 
increase when carbonate is dissolved by the respiratory 
acDvity m the microbial mats. 

Several times measurements have been made of the 
water in the mat. During the daytime the pH was always 
significantly higher than in the water above the mats while 
in the mghtit was lower. Although it was not possible io take 
samples of the mat water without any contamination of the 

overlyingwater.thecalciumconcentrauon and the alkalinity 
were always signiecandy higher in the mats. 

4.1.2 The Sediment 

The Holocene freshwater carbonate muds in the Everglades 
reach a thickness of up to 50 cm. depending on the relief of 



the underlying Pleistocene carbonates. In push cores it can 
be seen that the first few centimeters have a dark brown 
colour, rapidly fading with depth, because of a decrease in 
the content of organic material. Most of the sediment is a 
light brown to grey, unstructured carbonate mud frequently 
containing plant roots and freshwater snails. The carbonate 
tubes of Scytonema appear to disintegrate rapidly as they 
could not be found in either thin section or by scanning 
electron microscopy. 

While other carbonate muds associated with cyano- 
bactenal mats often exhibit a distinct lamination (Andros 
sland, Bahamas. Monty. 1972; Hardib & Ginsburg. 1977) 
lamination in the sediment cores from the Everglades are 
restricted to the top few centimeters. The laminations are 
rapidly obscured with depth. This could be due to a different 
structure of the mats themselves, to a less pronounced 
periodicity in sediment accumulation, or to a higher rate of 
bioturbation in the Everglades. 

Despite the proximity of the marine environment to the 
freshwater carbonate muds, no marine fossils arc found 
This fact is probably due to the protection by the mangrove 
belt which inhibits landward transport of marine sediments 
In the fossil record, the carbonates of the Everglades would 
appear as unstructured micrites with a low fossil diversity 
containing only a few species of freshwater snails. 

4.2 Microscopic Observations 
In the Everglades, the trichoms of Scytonema are sur- 
rounded by a sheath that is differentiated into two distinct 
layers. The innersheath is dense, structured, and birefringent 
under crossed nicols and is always uncalcified (PI. 19/1-3) 
The inner sheath is surrounded by a less dense outer sheath 
The outer sheath is impregnated by micritic calcite crystals 
and encloses the inner sheath like bark a tree. In samples that 
have been critical point dried the outer sheath might break 
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SLfh ?^ Sm00th SUrfaCC 0f * e ™«Wfi*l inner 
sheath (PI. 19/7). The crystals in the outer sheath may be as 

small as 2-3 fim, but are generally 5-7 nm long (PI. 19/5) 

The two sheaths seem to differ in structure as well as in 

chemical composition. Treatment with sodiumhypochlorite 

(Oorox) leads to the rapid disintegration of the outer sheath 

and the trichom, while the inner sheath remains preserved 

for an extended period of time. In most of the Scytonema 

filaments, the impregnation of ihe outer sheath leads to the 

formation of a dense carbonate tube (PI. 19/6). The outer 

diameter of the tube is constant along the filament. As there 

is no precipitation in the inner sheath, the inner diameter of 

the tube reflects the diameter of the trichom plus the inner 

sheath. Close to the filament tip the diameter of the *£ 

Sf^' ^ C fflament dp iUielf » alwavs "ncalcified (PL 
19/1). Calcificanon never exceeds the outer sheath. This is 
shown by the constant tube diameter, as well as by the faa 
that in critical point dried samples, the organic material of 
the sheath covers the outer surfaces of the crystals (PI 19/8) 
Treatment with Alizarin Red S leads to a staining of the 
organic material in the outer sheath. The crystals remain 
unstained which indicates that they are covered by organic 
material and therefore are not accessible to the stain 

Some of the Scytonema filaments show a completely 
different mode of calcification. Calcification is restricted to 
single rings within the outer sheath (PI. 20/2-4). Some of 
them have the shape of straight cylinders (PI. 20/3), while 



others are funnel shaped (Pi. 20/2, 4). The occurrence of the 
rings is independent of any morphological features of the 
filament. Rarely are the rings produced by the alternation of 
denser and less densely calcified zones of a continous tube 

Observationsindicateihalcalcificationof^cyr^emaand 
Scnizothrix in the Everglades is different. These differences 
are similar to those reported by Gleason & Spackman (1974) 
Due to the small size of the filaments of Schizoihrix, the 
structure of the sheath and the location of crystals within it 
is not as easily observed as in Scytonema.li can be seen 
however, that the filaments are not as densely calcified The 
calcification is generally restricted to single crystals or 
crystal conglomerates, that areprobably embedded insheaih 
material (Pi. 20/1). 

The morphology of the single crystals of the two taxa as 

wellasoflhetwodifferentformsofcaJciricaaoninJcywweina 
is distinctly different Typical crystals of the Scytonema tubes 
arc well developed rhombohedra that do not show any 
preferred orientauon with respect to the trichom. The crystal 
faces in contact with the inner sheath are sometimes flat- 
tened. probably due to dissolution (PI. 19/2). The crystals 
may form a tight tube, in which case the cry stal morphology 
is not as distinct (PL 19/6). 

The crystals in the carbonate rings of Scytonema have 
another morphology. They consist of single needles or 
possibly dendritic crystals (PI. 20/8). The morphologic 
difference is obvious even under the 1 ight microscope where 
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the crystals have a star-like appearance (PI. 20/3) Thev 
appear to be embedded in organic material with a denser 
structure than the outer sheath of theother filaments. Due to 
this organic coating, the boundaries between single crystals 
are invisible (PI. 20/8). g« crystals 

The calcite crystals in Schhothrix also have a distinct 
£2£ T ^ most «markable feature is the dendritic 
53? nZt ft 10 <* aggregates of 

SSSfSS ST"* fj^* 1 Wiic oirections of 
catate (PI. 20/5-7). Some of them have a triangular form and 
seem tobe oriented with their base parallel to the trichom (PI 
20/7). The crystals may coalesce to form larger aggregates 
of dendrites enclosing short segments of the filanS 

4.3 Carbonate Precipitation, Sedimentation Rates 
Sedimentation rates of a freshwater carbonate mud 
precipitated by cyanobacteria. can be estimated from the 
fidd and experimental data obtained in the Everglades. The 
V " 0t Changed by P h otosynthetic CO* 
carbonate alkalinity (Drever, 1988). Therefore it can be 
assumed that changes in alkalinity and in calcium concenrra- 
sTudon" fCfleCt Crt0Mte P^PtaSSS 

In this way the amount of precipitated and dissolved 
carbonate was calculated for 12 and 24 hour sampling 

lated by subtracting the minimal values of alkalinity and 
calcium measured in the evening from the maximum 
in the morning. Dissolution was calculated accordingly bv 
subtracting the maximum values in die morning from'the 
minimum values of the previous evening. Because the 
maximum and minimum values were taken, the calculated 
timespans are slightly different at the different days Tab 1 
shows the amount of precipitation, calculated for various 



days. On the 8/20 and 8/27 only precipitation has been 
measured, while on the 9/25. 10/10, H/4. and 12/12/89 
dissolution has been measured as well. 

AscanbeseeninTab. 1, the amount of precipitation and 
dissolution per day vary considerably, but do not show any 
seasonal pattern. Precipitation varies from 0.09 to 0 4 
mrnol (assuming that the value of 1.10 mmo! (11/4/89) 
estimated by the change in calcium concentration, is due to 
an analytical error). During the night, some of the carbonate 
O.U3 to 0.5 mrnol, is redissolved. 

By subtracting the amount of dissolved carbonate from 
the amount of carbonate precipitated during the day, the net 
amount of precipitation from 1 I water in 24 hours can be 
estimated. As there seems to be hardly any sediment influx 
other than the carbonate precipitated by the cyanobacteria 
the estimated net precipitation reflects the amount of sedi- 
mentation. When the net sedimentation is calculated with 
field data „ can be seen that there is net precipitation in two 
out of four days, while at the other two days the values 
indicate net dissolution. 

From thesedata,0.015mmolCaCO 3 perliterwaterin24 
hours is taken as an average amount of precipitation 
throughout the wet season. In 1989 the duration of water 
cover at the sampling site lasted about 180 days from the 
first week of July to the last week of December. As this wet 
season was comparatively short, because of a succession of 
especiallydry summers, a normal duration of water cover of 
200 days wi» be assumed for calculations of the annual 
sedimentation. The average water depth at the sampling site 
tawS Cn^ 1 2 ) Cm ' CSrimatedfr0m therecorde d water depth 

For a daily net precipitation of 0.0 1 5 mrnol and a density 
of calcite of 2.7, a pore space free volume of 111 m J 
U1CO3 per wet season can be calculated. This gives an 
annual sediment layer with a thickness of 0.011 mm per 
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Date 20.8-89 
Precipltad n 
Time 7-19:00 


27.8.89 
8-18:00 


25.9.89 
8-18:00 


10.10.9 
9-18:00 


4.11.89 
8-16:00 


12.12.89 
8-15:30 


Ca^ 0,340 
Alk 0,090 

VOWIUUUQ 

Tune 


0,350 
0325 


0.194 
0.185 

18-8:00 


0,111 
0,150 

18-9:00 


1,105 
0.615 

8-16:00 


0.456 
0,460 

15:30-7:30 


Alk 
Net 
Ca^ + 




-0,212 
-0.230 


-0,048 
-0,085 


-0,467 
*0,565 


-0,474 
-0,485 


Alk 




-0.018 
-0,045 


0,063 
0,065 


0,638 
0,050 


-0,018 
-0,025 



Tab. 1. Amount ofcarbon- 
ate precipitation in mmoJ 
measured at various days 
during the 1989/90 wet 
season. 



square dm (= precipiiacion ouiof 1 1 of water with an average 
water depth of 1 0 cm). 

The same calculations were made with the data obtained 
from cyanobacteria precipitating over 24 or 36 hours in 
experiments in 500 ml beakers. Again, the amount of net 

on 12/30/89 gave a net amount of 0.080 mmol/24 hrs from 1 
liter, while experiments performed the 11 th through 1 3ih of 
January gave values of 0.200 mmol/24 hrs/liter. Taking the 
calculated values again as average values for precipitation 
throughout the w« season, annual sediment thicknesses of 
0.60 to 0.148 mm are estimated. Because they were meas- 
ured in closed containers rather than in running water these 
values should be more exact than the data obtained from the 
field measurements. 

Assuming 60% pore space the thickness of the annually 
accumulated sediment layer would be 0.018 mm (1.8 cm/ 
** field ^ and 0. 1 and 0.24 mm ( 10 and 24 
cm/1000yrs)fortheexr J eiimentalresults.Tnesecalculauons 
are made jgnoring a possible contribution by organic mate- 
rial (30 % dry weight of the cyanobacteria). 

Schou. etal. (1969) estimated the sedimentation rates in 
the Everglades from "C-data to be 1.6 cm/1000 yrs, with 
higher rates immediately after flooding of the platform about 



4000 yrs b.p. and slowly decreasing later (1 2 mm/yr in the 
first 1000 yrs). Their estimates give sedimentation rates that 
are 10 times higher than the ones calculated in this study 
from the field data, but they fall within the range calculated 
from the experimental data (for the represeniaiivity of the 
experimental data see Chapter 4. 6.1). 

When comparing the data from the Everglades with the 
laminae thicknesses of fossil laroinites, it must be kept in 
mmd that the volume changes during diagencsis might be 
considerable and highly variable. It is difficult to estimate 
how much of the original porosity will be destroyed by 
compaction and how much might be preserved by early 
cementation. The data from the Everglades, however, lie 
well within the range of laminae thicknesses given by 
MOuj-fc-JuNCBurm for the Hauptdolomite, Triassic, North- 
em Calcareous Alps. He measured laminae of 0.08 to 1 0 
mm thickness in the Middle Hauptdolomite, and 0. 1 to 5 mm 
in the Lower Hauptdolomite (Moller-Jungbuhh 1968- 
1970). 

4.4 Organic Material 

The field observations show a close temporal relation- 
ship between photosynthesis and the precipitation of car- 
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Ug^icroscopical photographs of Scytonema and Schizothrix, SEM photographs of calcification 

SS^S'^ff ^"T 01 * ^ 3Ppear «" in ** ««* mic ^Pe- ™» tiny 

con^ouSSdfiS S£ ? Sl ?f 3 " r ilaf l ° CryStal m0I »™°ey in Sctoo**. As * the 
liX^i^J« > S?' 0 ™™* 1 * 0 ™* Oate 19) remains the inner sheath always uncalcified Under the 

Fig 6 SEM nhnmmnh °l 2 ^ SO***"* Cf ystal. Sample treated with sodiumhypochlorite 

Fl£ ' 8 ' f n B r^ h > t0gI ! Ph Ca ! cincacion » Scytcneym. The crystals, possibly dendritic, seem to be embedded 

m orgamc material denser than the outer sheath of the continously calcified Jc^^Zenls 
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bonate. They do not allow, however, deductions to be drawn 
about how actively the carbonate is precipitated by the 
cyanohacteruL Precipitation could simply be a byproductof 
photosynth sis, which the organism is unable to inhibit If 
this is the case, the amount of precipitation would be expected 
to depend on environmental conditions, such as the ion 
concentrations, temperature, and- biologically influenced- 
thepR But if precipitation is a more active process, i t should 
have a stronger relation to the rate of photosynthesis than to 
environmental factors. 

Todistinguish between theses 
of photosynthesis versus the amoumof precipitated carbonate 
has been measured. Different methods were used each 
showing constant ratios between photosynthesis and pre- 
cipitation of 1 mol precipitated carbonate for 1 to 2 moi 
organically fixed carbon. 

Measuring the percentage of organic material in 29 
samples of cyanobacteria! mats gives values close to 32 % 
This percentage is constant throughout the season inde- 
pendent of the rime when the sample was taken, showing that 
there is no stronger calcification in older cyanobacteria In 
order to compare the amoum of precipitation with the 
amount of organically fixed carbon, the amount of carbon in 
the organic material was calculated, assuming that the or- 
ganic material of cyanobacteria contains 46 % carbon (Wouc 
1973). The amount of carbon fixed organically and the 
amount precipitated in carbonate shows a constant rela- 
tionship with an average ratio of 1 .86 mmol organic carbon 
to carbonate. 

While this methods gives an average ratio of photosyn- 
thesis to precipitation over several weeks or months the 
rauocan also bedirecdy measured over a few hours. This has 
been done in closed containers, in which the amount of 
photosynthesis was calculated either by measuring CO2 
uptake or by measuring O2 release. The C0 2 uptake was 
measured in beakers which were tighdy covered to inhibit 
gas exchange with the atmosphere. As oxygen equilibrates 



with the atmosphere much quicker, oxygen was measured 
wtih an electrode in tighdy sealed Erlenmeyer beakers. 
Prec ipitation was again measured by the decrease of alkalini ry 
andcalcium concentration. In all th containerscyanobacteria 
were incubated for several hours. 
The equation 

( DIC - precipitation)/precipitation = V 
gives the ratio V of photosynthesis versus precipitation. It 
can be seen from the equation thai the method of calculation 
increases any possible analytical error in the determination 
of precipitation. On the other hand, alkalinity is used for the 
calculation of theamountof phoiosynthesisas well as for the 
calculation of precipitation, which leads to a weak artificial 
correlation. The ratios calculated in this way should there- 
fore be taken as estimates rather than exact values. They do, 
however, indicate a constant relationship between photo- 
synthesis and precipitation. Around 1 . 1 5 mol carbon is fixed 
organically for every mol precipitated carbonate (1 .10 to 1 
according to theestimaces by Ca 2+ . 1 .20 to 1 ( according to the 
estimates by alkalinity), (Tab. 2). 

Despite these inaccuracies, the calculated results show 
fairly good accordance with the ratios found by direct 
measurements of photosynthesis by measuring oxygen 
evolution. For every mol of CO2 fixed in photosynthesis, 
one mol of 0 2 is released. The amount of oxygen therefore 
corresponds exactly to the amount of carbon fixed. The 
ratios of oxygen to precipitated carbonate are given in Table 
2. The values are slightly lower than the previously calcu- 
lated ones, indicating that for every mol CO2 used in pho- 
tosynthesis, one mol of carbonate is precipitated. The low 
value of sample 890 is probably caused by a loss of O2, due 
to a defect seal on the beaker. The low value for sample 89 1 
also occurs in the Ca2+ -calculation for the CCfc-upiake cal- 
culations, indicating an analytical error in the titration of 
calcium. 

Irregardless of which method was used, it can be said that 
for one to two mol carbon fixed organically there is one mol 



Satnple 

Control 

868 

889 

890 

891 

892 

B93 

894 

895 

896 

897 

896 

899 

900 

901 
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995 

996 

997 

Ethoxyzol amide 

998 
999 
1000 



CI 



Ca2+ 



Alk CQ2/Ca2+ CQ2/Alk 02/C*2+ 



02/Alk 



0,484 

0,508 

0,597 

0.433 

0.587 

0,439 

0,215 

0,352 

0.324 

0,379 

0,457 

0,428 

0,386 

0.412 

0.720 

0.395 

0,322 

0,235 

0.051 
0.214 
0,094 



0,227 

0,254 

0,332 

0,296 

0,256 

0,178 

0.1 LI 

0.182 

0,121 

0,143 

0.210 

0,210 

0,165 

0.189 

0328 

0,219 

0,134 

0.153 

0,012 
0.061 
0.076 



0,225 

0,235 

0,280 

0200 

0275 

0,200 

0.095 

0.160 

0,145 

0.170 

0,210 

0,195 

0.175 

0.190 

0,340 

0.175 

0,145 

0,105 

0,010 
0.085 
0,025 



1,13 

1,00 

0,80 

0,46 

1,29 

1.46 

0,94 

0.95 

1,68 

1,65 

1.18 

1.04 

1,34 

1,18 

1,19 

0.08 

1,40 

0.55 

3,24 
2.51 
0,024 



U5 
1.16 
1,13 
1,17 
1.13 
1,19 
127 

\ao 

U3 
1,23 
MB 
1.19 
1,20 
1,17 
U12 
1.26 
U2 
1.27 

4,08 
1,52 
2,77 



0,93 
0,86 
0.47 
0,67 
0,93 



0.94 
0,93 
0.56 
0.99 
0,87 



Tab. 2. Ratio of photosynthesis 
to precipitation in untreated 
samples and samples treared 
with the inhibitor echoxyzol- 
amide. Photosynthesis was cal- 
culated from the amount of CO2 
uptaJkc and measured from the 
amount of O2 released by che 
cells. 
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of carbonate precipitated. This is a constant relationship 
apparently relatively independent of inorganic factors The 
amount of carbonaxe never exceeded the amount of organic 
cally fixed carbon in either the experiments or in the 
cyanobacienal mats. 

4.5 Stable Isotopes 

Stablecarbon(versusPDB) andoxygen (versus SMOW) 
isotopic compositions of die water in the Everglades have 
been measured throughout the duration of the wet season In 
addition stable isotopic compositions have been determined 
for calcite precipitated in the water during the same time 
span for carbonate mud sampled from the sediment cores 
and for gastropod shells sampled from the same horizons in 
die cores as ^carbonate mud (carbon and oxygen versus 
PDB). The carbon data of the water samples from the 
beginning of the wet season arepossibly depleted, in "C due 
to eqmkbration with 10 ml of air (see chap. 3). In fig 4 b 
these data are marked with an arrow. 

Carbon and oxygen isotopic compositions of gastropod 
sheUs have been measured as a reference for equiUbrium 
prec:p.taaon. The gastropods were used because it has been 
shown that molluscs precipitate in equilibrium with both the 
carbon and the oxygen compositions of the surroundinst 
waters (Epstein ei al. , 1 95 1; Fritz &IWw S ki, 1974;Mook 
& Vogel, 1968). 

The oxygen isotopic composition of carbonate precipi- 
tated by cyanobacteria during the 1989/90 wet season in- 



Fig- 4b. Isotopic composition of water, measured throughout the 
wet 1989/90. The arrows mark samples which are possibly 

slightly to heavy in 13C due co storage before measuring. Carbon 
data are given versus PDB. oxygen data versus SMOW. 

dicates precipitation in equilibrium with ihe ambient water 
The same is true when comparing the values of the carbonate 
mud from the cores and the gastropods. According to the 
equation given by CNeil (1969, in McConnaughey, 1989) 
carbonate,precipiiaied from warerofSiso=5 269(12/26/89) 
to S'*0= -1.882 (7/8/89) should have a composition of 
5i«0=3.499 to -3.652. This is assuming an average tempera- 
ture of 25° C, which is the average temperature given by 
Swart et al. (1989) for Florida Bay following temperature 
data from a weather station in Key West It is confirmed by 
calculating the average temperature for three days in Sep- 
tember, November, and December of 1989, when the tem- 
perature at the sampling site was measured over 24 hours 
These data give an average temperature at the sampling site 
of 26.6° C. 

The measured oxygen data of the carbonates fall within 
the range of the lighter calculated values. Equilibrium pre- 
cipitation is also supported by a comparison of the isotopic 
data obtained from gastropod shells and the carbonate 
sediment from the cores. Taking into account that calcite is 
about 0.6 permil lighter than coprecipitated aragonite. the 
5 ls O values of the shells and the sediment fall within the 
same range. 

The carbon isotopes, however, show an enrichment of 
13 C in the cyanobacterial carbonate relative to the water An 
average value of -5.5 permil 51 3C was assumed for the water. 
The fractionation of carbon is independent of the tempera- 
ture of precipitation. In equilibrium precipitation carbonate 
is always about 2 permil heavier in '3c than the DIC of the 
water U precipitated from. Carbonate in equilibrium with the 
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water dunng the 1989/90 wet season should therefore have 
a composition of about -3.5 permil. The sediment values 
however, range between 0.25 to -2.6 permil. The sedimem 

calculated from the water isotopic composition 
wJ p^^again Ae5 13 C valuesof the gasiropod shells 
with the sediment composition, it can be seen mat the 
sediment is considerably heavier than equilibrium precipita- 
non The aragonite shells show S^c values between -1 25 
and 0.7 permil. In addition, a fractionation between arago- 
mte and calcite has to be taken into account, with calcite 
being 1.8 permil depleted in u c relative to aragonite 
CRubinson & Ciayton, 1969). The sediment is therefore 6- 
7 permil heavier than the water it was precipitated from the 
water composition being reflected by the gastropod shells. 

The ->C enrichment in the carbonate precipitated by the 
cyanobacteria is understandable when considering ihecar- 
bon fracuonation in photosynthesis. The enzyme RUBISCO 
(Chapter 2 2 1) is generally discriminating aga i„ st 13 C up t0 
-27 permil (Swast, 1983; Sharkey & Berry 1985) In 
cyanobacteria, the degree of discrimination depends on the 
environmental DIC conceniration. It varies between -18 
permil and 0 permil, being reduced by active DIC uptake 
(Caloer & Parker, 1973; Estep, 1984). 

The enrichment of 13c in the carbonate is an effect of 

^I 6 ™^, ? Upt3ke durin e Photosynthesis, which in- 
creases the concentration in the immediate vicinity of 
mefilaments.Thisenrichmentindicates that the precipitated 
carbon is derived completely extracellular, and that no 
respiratory carbon is incorporated. 

Thesameeffect.Ua 13 C enrichment in carbonate due to 
photosynthetical 1% uptake, can be seen in some calcareous 
algae and m corals with a high density of zooxanthellae and 
consequent high rates of photosynthesis (Keith &. Weber 
,o2 ; J ORown2KA . 198 <5: Swart. 1983; McCo^c^ 
1989; Curings & McCarty. 1982). In contrast, some 
coralhnered algae show relatively lightS^c values because 
of incorporation of respiratory carbon in the skeleton 
(BoRowrrzKA, 1986 and compilation by Swart. 1983 Fig 1) 
Stutver (1970) measured the isotopic composition of 

vanouslacustrinecarbonaiesandfoundanenrichmentofca 
5perrn,l relati ve to m oll use shells in "c. which heexplajn6< j 
by photosynthetic 12c depletion by phytoplankton A ieo 
enrichment, which he found in his sediments, can not be 
confirmed from the Everglades data. 

In comparison with fossil cyanobacteria carbonates it 
has to be considered thai in addition to the water composi- 
tion, active DIC uptake might change the degree of carbon 
tracuonauon in photosynthesis and hence the isotopic 
composition of the residual carbon pool for precipitation 
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4.6 Experiments ofrPrecipitation 
Experimental data on carbonate precipitation by 
cyanobacteria are scarce, probably due to difficulties in 
inducing precipitation under laboratory conditions (Pente- 
cost, 1978). The same phenomenon, i.e. a weaker or lacking 
calcification in laboratory cultures as compared with Held 
grown specimens, is described from calcareous algae (Ciraud 



Fig. 5. gives the amount of carbonate (in mmol) precipitated in 
exrwrunents with various amounts of the photosynthesis inhibitor 
DCMU and an untreated control experiment (10/1 1/89). The amount 
of precipitated carbonate decreases with an increasing inhibitor 
concentration. At a concentration ofl0-5 mo l DCMU the net result 
:$ carbonate dissolutioa because the amount of (uninhibited) 
respiration in the cyanobacteria exceeds the amount of photosyn- 
thesis. Precipitation was estimated from changes in calcium (solid 
circles) and alkalinity (triangles). 

Sl Cabioch, 1979). The experiments have therefore been 
conductedin the Geld. An advantageof field experiments arc 
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uon of ib. mhxbitor. Precipitation was estimated from changes in 
calcium (solid arcles) and alkalinity (triangles). 

•he natural conditions in temperature, Ulummation, and 

A disadvanta 6« * *« these factors 
cannot be controlled and are subject to both daily and 
seasonal variations. 

4.6.1 Untreated Cyanobacteria 
The amount of precipitation in containers with untreated 
controls was not only used as a reference for the inhibitor 
experiments, but also allows the evaluation of how closely 
the amount of precipitation measured in the experiments 
^blcs the arnount of precipitation under natural 
uons. As the cyanobacteria start to grow soon after the site 



is completely covered by freshwater, the age of the 
cyanobacteria is about die same as the duration of the wet 
season. Tie cyanobacteria usedin theexperimentson January 
1 1th to 13th had a carbonate content of 1.3 to 1 9 g They 
pr^piutedthisamountin 180days. from July to December 
1989. This gives a daily amount of precipitation of 7.2 to 
10.5 mg carbonate. In the experiments they precipitated an 
net amount of 15 mg (0.150 mmol. January 11./12.) and 
5 mg (0.050 mmol, January 12./1 3.). Tnis calculation shows 
that at least in experiments of several hours orafew days the 
amount of precipitated carbonate corresponds to precipita- 
uon under natural conditions. 

4.6.2 Experiments with Inhibitors 
Precipitation starts in the morning with the onset of 
photosynthesis and ends in the evening when photosynthesis 
ceases. Toactually prove, however, thatprecipitation depends 
on photosynthesis, cyanobacteria were created with the 
inhibitor DCMU (Dichlorphenyldimethylurca) This in- 
hibitor blocks the electron transport from phoiosystem II to 
photosystem I in photosynthesis. For Synechococcus a 10* 
molar DCMU solution was shown to completely inhibit 
photosynthesis (Badger & Andrews, 1982). 

Because of the poor solubility of DCMU in water 
appropriate amounts of a concentrated stock solution of 
DCMU in methanol (0.012 g in 50 ml methanol) were added 
to sampling site water to get the desired final DCMU 
concentrations of 10-5, 5x10-6 and 10-6 mol DCMU The 
maximum methanol concentration of 1 % showed no nega- 
tive effect on the viability of the cyanobacteria. 

Fig. 5 shows the results of an experiment with various 
concentrations ofDCMU(l0-e. 5x10-6, 10-5; 10/11/89) It is 
obvious that the amount of precipitated carbonate decreases 
with the increasing concentration of the inhibitor, corre- 
sponding to the decreasing photosynthetic activity When 
transferred from the DCMU solution to pure water the 
cyanobacteria immediately began to photosynthesize and 
carbonate was precipitated. 

Ethoxyzolamide 

Ethoxyzoiamide (EZ) is an inhibitor for the activity of 
the enzyme carboanhydrase (CA), which catalyses the con- 
version of HCOf to COz (Chapter 2.2). In which way EZ 
affects photosynthesis of cyanobacteria is yet not clcar(5 1) 
Appropriate amounts of a stock solution of EZ in DMSO 
(Dimethylsulfoxide) wereadded to incubatedcyanobacteria 
to give final inhibitor concentrations of 2x10-*, 4x1 (H and 
6x10^ mol. As a consequence of the addition of EZ, the pH 
dropped ^ the containers 0.04 to 0.1 pH units. All the 
inhibitor experiments therefore inevitably have a sliehtlv 
lower initial pH. 

~.Fig. 6 shows the amount of carbonate precipitated by 
controls and by cyanobacteria treated with various EZ 
concentrations. It can be seen that the amount of precipita- 
tion decreases with the increasing concentration of the 
inhibitor. 

Comparing the amounts of dissolution occurring 0 v er 
night tn all the samples, it can be seen that there is as much 
dissolution in the inhibitor experiments as in the control 
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samples, because th inhibitor does not affect the pentose- 
phosphate pathway and thus CO2 release and dissolution 
The net result in 24 hours is therefore precipitation in the 
controls, but dissolution for the EZ treated cyanobacteria. 

Calculating the ratio of photosynthesis to precipitation 
for the EZ experiments, gives values significantly different 
from the ones in the control samples Tab. 2). While in the 
controls the ratio lies around 1.15 to 1 are the values for the 
EZ experiments considerably higher, up to 4 to 1. The 
inhibitory effect on precipitation is stronger than on photo- 
synthesis. The ratio of respiration to dissolution occuring 
over night, shows, as expected, no differences between the 
untreated cyanobacteria and the EZ samples. This ratio is 
however, always slighdy more variable than the ratio of 
photosynthesis to precipitation, varying beween 1 to 2 mol 
respired carbon for every mol dissolved carbonate. 
DMSO 

Price & Badger (1989 b) found a slighdy negative effect 
on photosynthesis by DMSO concentrations above 0.2%. 
Therefore some experiments were run to test theeffectof the 
DMSO concentrations used in the EZ experiments. In these 
tests, no influence of pure DMSO were found, nehhcr on 
photosynthesis nor on carbonate precipitation. 

5 DISCUSSION 

PEmEcosT (1988) concluded that the high amount of 
carbonate as compared 10 organic material in the green alga 
Gongrosira sp. was an indicator of a high incidence of 
inorganic precipitation. In tufas the amount of organic 
material derived from cyanobacteria is estimated to be as 
low as 1 to 0.3-0.4 % (Pe^cost, 1978; 1985). Raven etal 
(1986) measured the ratio of organic material versus carbon- 
ate in characeans and found more organic carbon than 
carbon in carbonate. They interpreted this as a reflection of 
little inorganic influence on precipitation. 

The ratio of organic versus inorganic carbon seems to be 
an indicator of the relative percentage of organic and inor- 
ganic influences on precipitation. A ratio of more than V \ is 
the result of organic dominated precipitation, while a higher 
amount of carbonate than organic carbon (e. g. a ratio 
below I) reflects the influence of inorganic factors The 
crystal morphology can in both cases be specifically influ- 
enced by the organic material, which might provide the 
nucleation sites for precipitation. 

In the Everglades, the amount of carbon precipiiated in 
carbonate is always lower than the amount of organic car- 
bon. The restriction of calcification to the sheath also indi- 
cates biological precipitation. If inorganic factors were the 
cause of precipitation, calcification would be expected to 
exceed the outer sheath, because of continous growth fol- 
lowing crystal nucleation. All these observations suggest 
active carbonate precipitation by cyanobacteria. 

5.1 The Mechanism f Precipitation 

Cyanobacteriagrown underhigh CO2 conditions (above 
equilibrium with the atmosphere) have the ability to actively 
take up CO2 and transport it into the cells. When grown 



under low C0 2 condi dons (equilibrium with the atmosphere 
and less) they activate a mechanism which allows them to 
take up bicarbonate as well. Bicarbonate use causes the 
release of equivalent amounts of OH" ions, which are pro- 
duced by the conversion of HCCV to CO2 (Kaplan 1985- 
SocERERetaL, ISSS^Pwns AElzenga, 1989) Jtwas'shown 
by Miller & Cocman (1980) for Coccochloris sp. that the 
amount of OH" ions released into the medium exacdy equals 
the amount of NaHC03 provided for photosynthesis. The 
mechanism of DIC uptake is presendy discussed, and there 
are still considerable uncertainties. It is not yet clear, if one 
or two transport systems are involved in the uptake of the two 
carbon species, and how the pumps work. Hie pump, 
however, appears to have a carboanhydrase-like moiety in 
the cell wall (Badger et al., 1985; Badger & Pmce, 1989- 
EsBEetaL, 1989; Miller & Colman, 1980; Price & Badger! 
1989 a; ). EZ might inhibit the uptake mechanism by im- 
peding the C A-moiety of the pump and/or by inhibiting the 
intracellular conversion of bicarbonate to CO2 and OH" 
(Price & Badger, 1 989 a t b). The experimental results show, 
however, different effects of EZ in different species, possi- 
bly indicating differences in the structure of the pump 
systems. There also may be variations caused by environ- 
mental conditions, with cells grown in the presence of low 
CO2 concentrations using a more complex mechanism than 
those functioning in an environment more rich in CO2 (Price 
& Badger, 1989 b). Volokita et al (1 984) found a stronger 
inhibition of C0 2 uptake than of HCO3- uptake in Anabaena 
variabilis. According to Price & Badger, Synechpcoccus 
posses one pump, transporting CO2 as well as HCO3- into 
the cells. In their experiments EZ affects the uptake of both 
species equally, which they interpret as an indication of 
inhibition of the pump system. An additional effect of EZ on 
the intracellular CA activity is possible (Price & Badger 
1989 b). Espie etal. (1989; Synechococcus), however, pro- 
pose an uptake mechanism consisting of two pump systems 
because, according to the authors, the uptake of each of the 
two carbon species can be specifically inhibited. 

The experimental results from the Everglades suggest 
preferential inhibition of bicarbonate uptake. An equal in- 
hibition of both bicarbonate and CO2 uptake should lead to 
an equal decrease in photosynthesis and precipitation. The 
preferential decrease in precipitation shows that the two 
processes can, to a certain degree, be separated. Taking into 
account the considerable differences between the experi- 
mental conditions and the natural conditions existing in the 
Everglades, and/in addition, the different species involved, 
differences are not surprising. 

The quantitative relationship of photosynthesis and pre- 
cipitation and the preferential inhibition of precipitation by 
EZ, suggest a model in which precipitation is linked to 
photosyntheiic bicarbonate use rather than general DIC 
uptake. Fig. 7 shows the proposed model in Scytonema. 
HC03" is taken up, CO2 is used for photosynthesis, and OH" 
ions are released from the cells. In the sheath they either react 
with another HCO3- ion to form water and a carbonate ion, 
or they are neutralized by the uptake ofH* ions (among others: 
Espie et al., 1989). Either way, there are carbonate ions 
formed in the immediate vicinity of the cell. As the percent- 
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temperature, and probably crystallization rate throughout 
the wet season, suggest a taxa specific influence of the 
cyanobacteria over calcification. 

the ^ Stal n ? 1 0rpholo fy be strongly influenced by 
AeraBofcrystalltzauonCADDADi&WEiNER 1985) which 
dependsontherateofionsappiyas^u^^^^ 

incorporate mto the crystal lattice. Variations in sheath 

rrrS^T* "y auowingdifferentdiffusion 
rates for Xa^ons, might lead to different crystallization 

rS;^ T UCnUy reSUldnS in diffi5rene « ^ crystal mor- 
phology. For example, higher crystallization rates in 

S!t J 6 rh0mb0hed ^ crystals in 
might be due to a relatively slower growth rate. It has been 
demonstrated that the polysaccharides of the sheaths can 
SLh ' merfac ° for bating and controlling crystal 

k ^;, 1978)> ° mo which C °3 2 - i0I »s are subsequently 
WEcxHssHt ct al. (1988) showed a different capacity £ 
^c.umabsorpuon.ndifFerentcyanobacterialgenera.^ose 

morphologies observed in^^maand^z^SLz 
<K Zankl, submitted). 

5 J Environmental Influence 



age of HCCV use in photosynthesis increases, more car 

JfSfS " ba ," erresultin einaI 0 calincreaseintheconcen- 
trauon of carbonate ions. The carbonate ions react wSh 

andcalcium carbonate is precipitated. When c£ Tthe' 
carbon species taken up, no 0H - ions ^ fo^J^ 
precipitin occurs. Therefore the ratio of onmta£/£ 

lc J fS? 3 .," Ph0t ° synthesis - « Pontage is low, duefo 
SS? ^ 'l! 61 ^ h * h » compared to theamoum 

SETS T ? 10 f0Ur *"« as much «■»» <*» 
Mken up for photosynthesis than was precipitated in car- 

bonatelfther^rcentageofHCOausedmpho^ynihes^s 
lugh. ten aratioof photosynthesis to precipitation of Tin 

Theresultof thispurely biological calcification mieht be 

norgan.c precipitauon. In this case, sheath itnpregnadS 
should preferentially occur in environments where phoT 
synthetic bicarbonate use occurs. 

53. Biological Influence 
The restriction of calcification to the outer sheath in 

taxa. despte all the natural variations in ion concenSn 



Calcifying cyanobacteria only occur in waters super- 
saturated with respect to carbonate, but even there calcifica- 
tion is restricted to certain genera {Homoethrix. Phor- 
ZZ m ' Ple s c L° nema ' Guiana. SMzothrix, Scytonema; 
PWTO*R B «G.1986).NDn B of these genera, however 
are obligate calcifiers. 

TTieoccurrenceofcalcifiedanduncalcifiedcyanobacteria 
living under the same environmental, conditions indicates 

thatsupersaturauonisnotalwayssufficientforcalcification 
The results from this study show that two other factors 
can be of major importance. One is bicarbonate uptake by 
cyanobacteria, and the other is the suitability of the sheath 
for carbonate nucleation. Any environmental factor that 
influences either one of these factors will influence the 
cyanobactena's ability to calcify. 

The bicarbonate pump is induced when the COj supply 
from the ambient water is low relative to the potential rau i of 

photosynthes^.Itshouldbeactive in an environment where 
CO2 concentrations are low, either due to low total DIC 

cc-ncen^tbnsortohighpHvalues.Butalsomenvironments 
where high light intensities sustain or even require espe- 

ciaUyhighratesofphotosynmesis. bicarbonate uptakemight 
^advantageous former^ 

2^) In these environments photosynthetic bicarbonate use 
could then lead to carbonate precipitation.^ 

Structure and composition of the sheath also seem to be 
essential for calcification. Differences among species in 
SSJf n l yl OTt l d r weredescribe dby Wwcswaeial. 
(1988). But the affinity for calcium might also depend on 
environmental conditions (Whehler & Sikes 1984- 
2T?" al., 1984), thus possibly changing die suit- 
ability of the sheath for nucleadon. The thickness of the 
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^A*™ Umited *•» for P^ipto is also 
influenced by environmental conditions (Tuffery. !969). 

5.4 Possible Biological Significance of Calcification 

The question about the environmental factors influenc- 
es ^aflcation is closely linked quesuo ™ t 

possible benefits for the cyanobacteria. In pSpTeXe 
s^rntobenodiffe^cesinthecalcificadonofcyai,^ 
and of calcareous algae. In algae, calcification depend 
*e acuvtty of ^ cn2yme ^bcanhydrase. *eS£ rf 
bicarbonate for photosynthesis (Lucas, 1979:12?? 
WU.UR. 1982; Bohowitzka, 1990), or on the p^encToft 

r£«™ ?T lm,Ued ,ntraceU "^ spaces (// a fcJ2r 
BORowrracA & Larkum. 19 77). or withirTshea h rn3 

1986). DCMU nh.bits precipitation in Helmed* as it does 
jncyanobactena. while diarnox, an inhibitor for c^bcS 

l^TZhTt y reduces calcificadon < Bo « 

' l 6) AS ,n cy^bacteria seem the poly- 
saccharides in Halinuda to control the orientation ouL 

So™? 2 CWBU |' 1 (to « ree - 11 — 3how„ that in diiS 
chlorophyceae, chloiophya) precipitation occurs in local 

Which «* f °™* by the of 
SS^f in P^y^is (Lucas, 1979; BoRown^T 
1982) There seems to be no organic material involved in 
precipitation by characeans. "ivoivea in 

In the calcification of corallinaceans (rhodophvta) and 
coccolithophoridae, obviously under bioJog* con S 
^saccharides play an important role. CoralUnaceanspre 

is regulated by organic molecules. 

These comparisons show that some forms of calcifica- 
"on in cyanobaoeria and calcareous algae may basSy L 
LhC ^-"e- Therefore there is, for cyanobacteria as for cd! 

ZT.J ? B ' * e qUeSli0n " if ^ is an > be "eficial effect 
from calculcauon or precipitation for the organism as J 
suggested by the reaction of calcificadon SJL taxa 
cTp1tat. e o C ° n ^ Cyanobacteria ca » ^ert on pre- 



extremely shallow water where they are exposed to vcrv 
high Iigh, intensities. C mparing the measured light Z 
tensities m the Everglades with literature data on theinte!. 

^n°,h^ nU h mf0rph0,0Synth ^^ycyanobacteriaitcanbe 
seen d*t the opumurn values are exceeded more tha^n 

fold. For e Somestra,nsWAts B Y(l968)andHA D E R (l987) E ive 
values of 500 to 1000 Ix. For mat forming OscUlatoria^ 
in a naniral environment die light optimum is about 3000 lx 

exceeds 10000 lx (Pe^cost, 1984). Castentoltz (1982) 
describes phototactic movements up to 10000 lx. Generally 
cyanobacteria prefer low light intensities. 

There are two ways, how a strong light irradiance might 
induce conditions favourable for carbonate precipi^on 

The stress of living in high light environments could 
mduce secreuon of sheath material neccessary f or pre cipi. 
tauonOCAZNOERczAKetal., 1990:ScHERERet a |., 1988b) and 
a calcified sheath might physically shade the filament. But 
high l,ght ■ntensities might also affect precipitation via an 
mducuc-n of the bicarbonate pump. Some of the absorbed 
light energy has to be usedfor the maintenance of the pump 
and would thus not be able to damage the photosyntheuc 
apparatus. Calcificadon would then occur as a secondary 
consequence of the high radiation. 

5.4.2 Ion Sink 



5.4.1 Light Protection 
When there is more light energy absorbed than can be 

usedtnphotosynmesisforthefonnadonoforganicmolec^le? 
ascvere damageof the reaction centers in thl photoTynSeS 
apparatus might occur. The rate of photosynthesi s 

aged. Some of the carotenoids in cyanobacteria absorb the 
potentially hazardous radiation and ^s ^UctTe 
Phowsynthedcally active pigments. It has 

have ahght shading function (Cyanobacteria. vj VuJt 
Walsby. 1982; Corallinaceae, LrrrLER, !976 : CharSe 
^ et X 19 86). The same has been prc^To " e 

Sol cvanoba « e ™ Wc« and EpiphyZn 

(Rowland & Gancloff, 1988). wnyion 

in mfof yin w Cya !l 0baCteria ° CCur< besides being common 
«n tufa deposits and similar environments, often fn areas of 



Precipitation might help to buffer the pH rise caused by 
C0 2 uptake during photosynthesis. This was proposed bv 
Raven et ah, (1986) for characeans and by PAASc, n 7(1964) 
and Srm et al. (1980) for coccoliths. The hydroxy] ions 
would lead to rapid increase of P H, if they would bereleased 
into a weakly buffered medium. By their reaction widfan 
extracellular b.carbonate ion and the subsequent precipita- 
tion of carbonate, the pHriseis reduced. Therefore carbonate 
ES ,la k Q0 " mi f ht ^ hi S*™ rates of photosynthesis in 
weakly buffered waters. The occurrence of cal c ifv inK 
cyanobacteria. however, does not seem to be restricted to 
environments with a low natural buffer capacity 

Carbonate precipitation could also be used as a sink for 
carbonate ions being inevitably formed as a consequence of 
hydroxyl ion release. Carbonate ions cannot be used in 
photosynthesis. Therefore they may have a negative effect 

l^l^T Uptake Whe " 8Ct to the pump 

wdblockit(LucAS,1983).Thecarbona tep rccip lt ationmigm 
be a way to protect the pump from the carbonate ions thus 
ensmngacor^thighr^ 

DIC uptake. The effect would be similar to the spatial 
separation of bicarbonate uptake and hydroxy! release in 
characeans (Lucas. 1983). 

Although there are too few experimental data on the 
calcification of cyanobacteria to decide, what factors finally 
cause precipiiarion. itcan be seen that there are various wave 
how the organisms may benefit from it. 
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I- — Introduction. 
In the course of a geological reconnaissance of Andros Island m the 
« found that the Wer f „ Im£ „ f pta, Kfe| 1 BWgr"™ L^T"' " 

mpo^t part a the proceas o, s^n^. fc ^ TZf^£tl^ 

vol. ccxxn — b 488. 2 
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adavdy contnbute calcium carbonate to the sediment, there are other species which 

^eZn tt^ 61X15 Slg * USUaUy ^ structures to the 

medium in which they grow ; and in the interior of Andres, where such deposit, are 




" ^ ° f - — — --- - - * ^ are described J this 

Upper ft^ ^ ^Tt^nd of t?^" °j t ^ Pal — ic 
t,ese hmestone structures, it is ^ ^H^^^^ 
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HSte ■Z^" TS 8 °, f a m ° dem Of™**-™ deposit, which may prove 
™ ^^P™**.™* °Wer limestones of similar structure P 

IG^in 6 S ° n ? Ch ^ Papet 18 based ™ s ^ertaken during the spring of 

JZ J rt ^ ^ PaTt ° f the I**™" of the International 

ShSSL ! utA m&S ' ^ ^ g6neral ° f Dr - * Field! 

of^^!^ Itoonsists 
stesteh r n P ' standm g alm ost at sea level, and thus forming a great 

«t^« JEJ^JE" ° HeiStOCene ^ ^ m ° dem 8ed ^ entS " 
or argmaceorxnTterial Th ^ arag ° mte ' * MlWrt of s *<*<™ 

and rtlT^S^tJ^ "T 18 r ° f eXCWel7 -^mentation, 
PrecambrianZ ' v ? ^ S ° me ° f the seas of Pal ^<>ic and W 

rrecambnan tunes, m which carbonate sediment prevailed over considerable areas 

a rait ts£rr z Fr 

bate white taJTZT T M ZWe - ^ " a desoIate «gion, with 

" island, tetSU alTf™ 1U " Of " ,7ti0 Tie whole 

circumstance. TthTZcZff ° t0 ^ flo<>di °?^ «>™»We 

Ipl deposit*, ^r^.^f Up0n ti9 °< *> 

question in more detail Uter ^ ™ 8 '"" 1 40 tw » 

II.— Ecology op the Algal Flora. 
(a) Distribution of the Genera 

o^T^ltZ^t^ B - k Ues — ^ -'«*• — * 



z 2 
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bottom deposits, the light intensity on the sea floor is very great, and the bottom flora 
consists very largely of Chlorophycea? and marine angiosperms. Dredgings between 
the edge of the bank and the west coast of Andres brought up mainly specimens of 
Penicillus, Rkipocephalus, Udotea, Halimeda, Batophora and Caulerpa. It was evident, 
in examining the dredgings, that the basal filaments of the algae, in permeating the 
surface layers of the unconsolidated muds and sands upon which they grow, have a 
considerable-binding .effect upon the sediment. This is even more conspicuous in the 
zone between tides, where the purely filamentous forms, such as Derbesia, assist in 
producing the same effect. Although the sediment is by no means hard, it becomes 
tenaciously cohesive, and resists the erosive action of ordinary tidal currents. ' 

Above the intertidal belt, the Chlorophycese are no longer dominant, and are almost 
completely replaced by the Cyanophyceae. Wherever the surface sediments were 
examined, they were found to be permeated by algal filaments and cells, or to be 
covered by a skin consisting of algal colonies growing on the surface. In regions of 
intermittent sedimentation, such as the coastal belt, and some of the flat, low-lying 
areas in the interior of the island, these algae were found to play an active part in the 
process of sediment accumulation. The colonization of newly deposited sediment 
by filamentous alg£e first of all binds together the sediment, preventing its being easily 
washed away again, and then produces a felt of algal filaments, which is sometimes 
quite thick and dense. In nearly all the species involved, the filament is enclosed 
m a mucilaginous sheath, to which mineral particles very readily adhere. Thus any 
fresh sediment brought into the region is at once trapped amongst the filaments * 
The mostimportant species in the Bahaman sediments are :— 
Gloeocapsa atrata (Turpin) KtiTzmc Aphanocapsa gretrillei (Hassal) Raben- 
G. granosa (Berkeley) Kutztng var. hokst. 

ckWa no v. f A _ mar i na Hansging. 

G. fusco-lutea (Naegli) Ktm. Symploca Icete-mridis Gomont. 

G. gelatinom Kvrz. Phormidium tenue (Meneghini) Gomont. 

G. magma (Brebisson) Kutz. Schizothrix braunii Gomont. 

G. rupestris Kutz. Plectonema atroviride sp. nov. 

G. viridis sp. nov. ScyUmema androsense sp. nov. 

S. crustaceum Agardh, var. catenula nov. 
It will be noticed that the RivuWcese, so frequently associated with the formation 
of lake balls and water biscuits, are of no importance here. 

These algae were found to be growing, not in pure colonies, but in rather complex 
communities, which are still under investigation, and will not be described in detail 

* This sediment-binding action of filamentous alga* is also of common occurrence in regions where the 
™^<>l ao ™l<»™™ and colonization of freah sediment by such species as Microcoleus 
chthonoplasUs and Vaucherra thuretii has been shown to be important in tidal salt marshes. For example 
see Oamt and Olive*. 1918, p. 173, and Plate XV. upper figure. ' 

t The new species and varieties of algte are described in section VII. p. 186. 
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until more of the species Evolved have been grown in artificial culture Rou.hlv 
speaking, xt may be sai d that the communities in areas affecfed hv *Z y? ^ 7 

appear, and grow intimately with a We nnmU „f 7T ' T 168 ° f 

which are ScLotkri* and LZno^' and Wlf °.w ^T' 

water is not saline or which Z^t^ t J ' *** m plaCCS where the «««»d 

are ^ ^S^Jj^^tT 7T°^ « 
Thus we have the distribution shown in Table I * 8 6 ° SClllatoriace *-. 



Table I. 


Maximum Salinity : 
parts per 1000. 


Nature of Habitat. 


Flora. 


30-40 


Shoal water below tides 


Chlorophyceae : Udotea, Penirillus, Hali- 


15-36 
?ca. 2 


Between tides, near H.W.M. 
Above H.W.M. Inland Marl flats 


Cvanophyce«: Phormidium, Symphca, 
and unicellular forms. 

(^anopbyceae : Scytonema, PUctonema 
kchizothnx, and unicellular forms 


0 


Above H.W.M. Limestone out- 
crops 


Scytonema alone. 



III.— Desobimion op the Algal Smnmm 

were no, found to be JS£ ^ tTST "? *" T 

the bulk of the flora. W. »,™ < ! 'numbers. The Chlorophyceas, which make up 

together, without fro^^T T! ** lnd r**£ 

water «rk where ^TSL \ " ' 14 ™ low- 

uou-deWtion L a£ coXLf iJ^ ^ °' 
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ticna^ 1 ^* 1 ^ 6 °' ^ se ^ Inent ' except by accentuating the mechanically formed lamina 

where, m addition to this kind of laminatiol, ^T" 8 ,' 17 and I8 < P1 "« 81, 
.«d % «•. Plate 22. These ^ ZZ 'o^ f *"* ™ 

Bordering the fresh-water Ufes, and formS^Z » T*' «— 

ndges, are large stretches of wlf ^ *• • 

heada po^aing a peculiar structure oTIpt^tl ^ " ac ^ ^ 

figs. 19 and 20, Plate 21. ^proximately concentric lamina, Sg. «, and 

-^51*51 I* 1 -* i. «. dominant eWn. in the 

mechanically entrapped by the .^S2ir2£ r " 5* Un °™<»'«' -dtaw, 
crystals. On slighfly more elevaSl ~Iund Z^!" 6 * dditi<m 0f se ^«7 
■S^y diferent structure, fig. 28, hST^ n ? ° ,gSl heads an 
ments, without much interatitkl sediment iT Colomes "i rating il a - 

cemented with carbonate crystal* ^^t^ 1 ^ is often strongly 
« P-bably reaponaib.e fo" this din £££ Ttrut *™ - fa 

ment, which leares the algal head M JT T Struct,lre : the absence of sedi 

art*-, but pr ac M y no other ££££ 7 d "* - " ,d » «*—. 

The types of algal structures describe k , 
those algal he^s in which £ tZt^Z lY^T *° *™ " 

under mvestigation, and will be dealt t£T ? Pky an —a** P«t *e still 
mediately following, only tie ^fjV 'f* Potion. I n the " £J 
coitions are described £ uj^£££f~ a/d thf£ 

of the envxronment has been discussed. ' P " 1?9 ' after th « significance 

(°) Deposits of Type A. 
£ocofoty._Southem Bight Andr™ T i a t> 

western entrance to the bighi. Lat. 24° 3^' tST^ ^ St ° re * ear *• 

GWA ^om, fig. 2 __ Th - . , ~ d and Long. 77° 49' W. 

wa,recogni,-ed; and consists of toi^^™** ^—trolled segment which 
parallel with the surface. 

We a greenish tinge, and the toL^ are ^ ^ 2l > P1 *te 22, 

-^.placed by brown. 
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FlC - 2 -— Dug™nn»tic Section of Algal Lamination of Type A v2 T „ ■ T— 

material are Seed X ^ ^ ° f «W 

Tfte 4^.— The algal filaments are almost invisible in 
are readily seen when the carbonate has bee, ^ £ ^Tfc rt^' ^ 
two filamentous forms are W-^fa. jJ^XtL^ ST*"* 
green tufts, and Phormiiium tenue, in slender S ol,W fii f T\ g grasS * 
. cell, In the deeper layers of the noT ^ *~* 

and these two alg* are represented by colourless, The eT 

of the laming traces of Scytonvna, but these remain^ Je toota ' !f ^ 

specifically identifiable ; compared with the otwZ £ 7 PreSerVed to be 

the Chroococcace*, G^ca P i Z£ and G fZ 1 I^T f " ^ ° f 

appreciable quantities ' *** found ' but not « any 

those found embedded in the sediment ISST £T* ^ ^ to 
the pale enamel-jmsen colour to tt. m „„ tPT 415 s P OTes wM «>> «»■» 

are usually between 0-5 mm andl.?^™ *v ■ j ianun «- Ine thicker laminae 
*- up to 0-1 nun., or "more" £ ^ °' 

each lamina was deposited by a single process Wl. J 8 ?" S BUggesta that 

bottom to finer on top with! J^ZT^S^ ^ '* 

of a palisade structure resulting from a parauef^Z 7 « ^ SUggeStion 
filaments; this is restricted to the upper ^.terfTh^ ° £ T™* **** 
these obviously sedimentary lamina, tw. \ . Imbedded with 

fc^ed sedJeut, ^^^Sft?^ - ^ 

(6) Deposits of Type £ 
shore o. the Wide OpWL ^^;:^" *» «— 
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Growth Form fig. 3.-The surface layers of the sediment, which is here rather sandy 
are impregnated and bound together by a gelatinous substance formed from the 
mucdaginous investments of blue-green alga, The characteristic algal heads in these 
lo^hiaes cons^t of low, rounded, domes, rising above the normal surface of deposition of 
sediment. Tie domes are irregularly scattered, and are usually four or five inches across . 

The algal heads contam a very small proportion of organic matter, and this can 
only be seen near the outer surface, where addition of new sediment and active algal 

E£5 "I < IT! ° n ' ? th °^ C ° nCentric Iamm * a PP ear t0 be V™* in The 
central parts of the dome, this structure is lost as soon as the sediment is disturbed 

li ll 71 u 7 ^ 1 T iU6 ^ C ° UeCt ""^ from tae 0*"* to a thickness 
of about half an inch. These specimens, when sectioned, show the lamination to be 

S» w ^r nCeS ? ^ ^ » SUCC6Ssive la 7 ers » tie s «^t> % 24, 
«at 1 b .° n K t0 ° f and dark layers, in which the^and 

grains can be seen to be embedded in the remains of algae 

J? l 0D f P i CU0US . dark la ? ers * the sediment owe their colour to the presence of two 
deeply tinted species of G^ca^the copper red G. magma, and the brilliant green 




F IS . 3 Section of an Algal Head of Type B, natural aize. Dark organic layers made uu 

of ceUs of Cnoeocapsa are represented by black W. The intervening layers, consisting J 
bound together by Symplon and Aphanocapsa, are dotted or unshaded . 

0 viridis Mixed with the cells of these two species are scattered colonies of G fusco- 
lutea and G. g^nosa. The lighter layers, which are not noticeably coloured in a 
hand spec^en are permeated by a remarkable, colourless gelatinous mass of ApUrl 
npsa marina, through which are threaded innumerable unconnected filament^ 
Symploca te-^ ; at certain levels, the Symploca filaments are closely entwined 
giving nse to bnght green tufts, similar to those found in Type A LrnJ™ * 
Scytonema are distinctly rare. 75 Kemams of 

2>k ^ W-Tbe sediment in this kind of algal head is rather similar to that found 
m Type A, except that m the specimens examined it was found to be distinctly coaTr 
and grain, up to one millimetre in diameter are quite frequent. The gS Z72 

sTeUsTft ' 01 eUi P-^ V*» of limestone, fragmentfof moUu^cat 

sheUs and tests of Porammifera, especially of Peneroplis proteusl'0**^. Aga£ 

t^zssszr very much w " size ' and muct -~ " 
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(c) Deposits of Type C. 




Fig. 4.— Section through the edge of an Algal Head of Tv«. r \t* "TT 

of the edge, x 2 ^ TyPe °' 4 sU S ht showing the upturning 

This growth form is the resultant of two opposing tendencies Th, 
itself, jpves rise to flat or smoothly rounded I convL foZ, ! P roceS8 > ^ 

this simple shape, however, is rarely rTtled Z ST* t0 ^ °* Tv P e B ; 

modification during periods of parL ^ "* " ~* ^le to 

organic matter, and the fine texture of *ZZL^£J% ° f 
the upper layers to contract, fig. 4, and a con caw .k. , ^ ds ' drym S 03,1868 

of the alg* produces teaii^ a I^? n ' l,B S IW ? I ! B,1,g - * **»™*e°** 
the older pa£ of the algal head ^t ^^S^ * « 
This process may continue for a conJLah ^C^^^^ 



vol. ccxxn. — B. 



2 A 
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fered with, the algal heads develop into cylindrical columns, with transverse lamina- 
tions, more or less concave upwards. 

The Algce. — The association of species found in these algal heads is a complicated 
one, remarkable for the intense jade-green colours of many of the species, and the 
absence or great rarity of species whose sheaths are not green, olive brown, or hyaline. 
The most important species are : — 

Gloeocapsa atrata. Schizothriz braunii. 

G.fusco-lutea. Plectonema atroviride. 

O. viridis. Scytonema androsense. 

Aphanocapsa marina. S. cmstaceum var. catenula. 

In thin sections the dark laminae appear as translucent brown streaks, made up of 
algal filaments closely pressed together, and enclosing very little sediment amongst 
them. * No orderly arrangement of the filaments is noticeable, except a rough parallelism 
induced by compression. In sections prepared as rock slices, it is impossible to 
recognize the individual filaments ; they were investigated by cutting shavings from 
the hand specimen, swelling them in water, and then clearing with dilute acid. The 
residue is in the form of a felt of interlocking filaments, and with, care can be removed 
to a slide and mounted. By this means, the algae can be observed in a relatively un- 
compressed condition, and unobscured by sediment. 

The brown Iamin® consist of closely matted filaments of the two species of Scytonema, 
mingled with a few tangled sheaths of Schizothrix. The sediment between the dark 
layers consists of extremely small and irregularly shaped carbonate grains, which do 
not appear to be in contact with one another. The spaces between the carbonate 
crystals are occupied by algal material which is colourless and not visible in a peno- 
logical section. Sections cleared with acid at once reveal the organic matrix as a colour- 
less, jelly-like material, which appears to be made up of an extended mass of Aphano- 
capsa marina, mixed with a profusion of filaments of Schizothriz braunii. Both of 
these have pale coloured cells, set in an abundance of clear, colourless mucilage. 

Running through these laminae of loosely packed sediment, there are occasionally 
narrow tubes, usually about sixteen microns in diameter, with walls of closely packed 
carbonate crystals; ' fig: 26, Plate 22. They are best seen in penological sections 
examined between crossed nicols. There can be little doubt that these tubes also have 
an algal origin, for it is possible to tease out from untreated sediment, filaments of 
Scytonema with a similar calcareous investment made up of crystals embedded in the 
mucilaginous sheaths of the filaments. 

The Sediment.— The sediment consists of rather angular grains of calcite, with no 
obvious crystal outlines, but rather with the shape of detrital grains. The average 
size is about four microns, and grains above eight microns in diameter are very rare 
in most samples. The sediment on the floor of Lake Forsyth includes somewhat 
coarser grades than this, and grains of ten microns form, quite an appreciable pro- 
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(<2) Deposits of Type D. 

tier are in tie shape Z£Z ""f^ ** 

dimeter. Tlev resemWe ^ ? 801,16 *"° OT *>«• in 

sediment, and in the less orderly fn™ «A i P ro P ortlon of or ganic material to 
behaviour during JZ^J^^T^^ ^e 7 differ mainl 7 in their 
from the sediment below. 7 UP and beCOme ^P^ly detached 




Tl M RO ' 5 '~ Di8 ^^ ticScCtioaofailA1 g a lHe a dofT y peD. x2 

in th^irtdt rjr a r f r same ^ - *- * ^ * 

greater than in the Type C stZn ^ ' J* 10 ? 0 *™ of is very much 

and the gelatinous IZ. ZZ^T ^ « from Staff ^ ^ 

are two microns « W?£^*£^ f *" ^ «* of the particles 
larger grains have angular or Zzri ou l^ " ^ M The 

difficult to determine g§ ^ Whllst the sha P e °* smaller grains is 

E*rh «# «, * IV — The Significance op the Lamination 

(2) Alternation of two sneci^ «r ^ 

(3) Sedimentary lamina^ ^° 8Wnp> ° f S * ecies " 

ntary lanunatum tt mmeral particles enclosed between filaments. 



2 a 2 
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IsK,^ -estigaUd on Andros 

traced! \Z ° f tW ° ° f theSe kminatin S Presses could be 

The lamination in Type A arises from a combination^ 1 and 3. 

" TypeB » >, 2 and 3. 

" TyP^CandD „ h land2 

(a) Deposition of the Sediment. 

mucilaguL ^ !~ iSTer7 ibe ^ tte 

and i-o nun. in dXlTt d T 7 7™ ^ *■ betWem 01 
frenuentlyabout one" fc,^ EY? *" *"* are 

settling out after a luawste™ . I , ^ lMd ' f " obabl! ' ^ sedimeI ' t 

where algalheltw ,ufj ^ .ZZ^jt^ J""*" fomd 
sediment. 7 smothered by fresh deposits of mechanical 

In the widespread algal deposits of the interior of Northern Andros Island, no trace 
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of mechanical lamination was discernible, and the sediment is all extremely fine in 
texture. The interior lakes are not tidal, but here again the sediment is supplied to 
the algal marshes by a process of flooding. This takes place in two entirely different 
ways : by heavy rainfall, and by invasion by sea water from the banks to the west. 
In the first case the salinity of the ground water is reduced, and the transportation of 
sediment is very small, being a slight washing of material from the land into the lakes 
and creeks. There is possibly also a little transference of sediment from the lake 
floors on to submerged parts of the algal flats, when the bottom deposits are stirred 
up by waves, and drifted by wind-blown surface currents on to flooded areas bordering 
the lakes. The solution effects are' probably more important. 

In the second case conditions are quite reversed ; vast quantities of sea water are 
piled up on the shoals, and are swept over the low-lying parts of Andros as a result 
of violent westerly winds. During such storms, the water over the banks is laden with 
churned-up sediment and the whole of the flooded area is liable to be smothered under a 
film of fine white mud, which is left behind when the flood water retreats. The prevailing 
winds are easterly in direction, and do not cause this kind of flooding. It is probably 
produced on a grand scale only by hurricanes, which are liable to visit this region 
during the autumn months. These are circular storms, revolving in an anti-clockwise 
direction, and travelling along a north-westerly course across the archipelago. Con- 
sequently, during the earlier part of a storm, the shoal water on the banks is violently 
agitated, and becomes strongly charged with suspended sediment. When the wind 
reverses, and blows from the west, a great wave of drewite-laden water is forced over 
the island. If the storm is particularly violent, this flood water crosses the island 
..completely,. and. finds its. way through the eastern creeks into the lagoon behind the 
barrier reef— a cross-country journey of some forty miles. 

The sediment brought into the centre of the island by such flood water is extremely 
fine grained, since all the coarser constituents are deposited before the water has 
traveUed far in from the west coast. This uniformity of grain size prevents any 
mechanical lamination, or any noticeable difference in size between the particles 
agglutinated round the mucilage of the alga, and those particles which settled out 
under gravity. 

(b) Growth of the Algcs. 

The growth rate of any particular colony of algas is probably controlled by a complex 
set of conditions, important variables amongst which are :— humidity, supply of 
carbon dioxide, temperature, salinity of the ground water, and deposition of sediment 
These conditions are now being investigated experimentally with the algae in culture 
but owing to the extremely slow growth rate of most of the species involved, and the 
difficulty of obtaining cultures free from bacteria and fungi, it will be some time before 
a satisfactory series of measurements can be made. Field observations were made 
on the variations of salinity, sedimentation, and water level, and the effects of 



SEP 12. 2002 10:01 FR CISTI ICIST 613 998 5283 TO 17033084516 



178 H. BLACK ON THE ALGAL SEDIMENTS 

rhythmic fluctuations of these upon the growth of the algal heads was qualitatively 
examined. 

(i) The Effect of Salinity.— In this region, Symploca kete-viridis and Phormidium 
tenue seem to be characteristic of salt water, in the case of Symploca ranging up to 
36 parts per thousand. Experimental work, however, indicates that these two species 
can tolerate considerable ranges of salt concentration, and can flourish both in nearly 
fresh water and in highly saline water. With Scytonema and Plectonema, on the other 
hand, the salinity has a strong controlling influence. Very little Scytonema was found 
in places liable to be washed by undiluted sea water. With salinities between 1-0 
and 10 v0 per thousand, there tends to be an alternation between Scytonema and the 
Schvsothrix-Aphanocapsa association. Where the salt content of the water is appreciably 
less than one part per thousand, flourishing colonies of pure Scytonema were found. 
The growth habit assumed in these circumstances is quite unlike the forms already 
described in this paper ; the filaments assume a radial arrangement, and deposit a 
finely crystalline cement of calcium carbonate .between .the filaments. In North 
Andros, this kind of structure is best developed in places where the main supply of 
water is fresh rain-water, and where there is only a negligible influx of water-borne 
sediment 

It is thus possible that an intermittent growth of Scytonema might be controlled 
by fluctuations in salinity ; for instance, the layers with Scytonema in the high level 
mud flats at Southern Bight may represent periods during which the mud flats 
were free from flooding by sea water, and the salt leached out of the surface layer 
by rain. 

(ii) The Effect of Sedimentation.— Experimental work on the two most important 
groups of species— those belonging to the ScytonematacesB, and those belonging to 
the Oscillatoriacese— has already shown that whereas the former are extremely slow- 
growing, the Oscillatoriaceae are capable of surprisingly rapid growth in a fresh culture. 
Indeed, an ordinary lamina of sediment, a few millimetres in thickness, could be 
permeated and bound fast by filaments of Schizoihrix, Symploca or Phormidium in 
a few days, whereas it would be a matter of months before a skin of Scytonema could 
form over the new surface. Thus intermittent access of fresh sediment to a region 
equally advantageous to each of the two genera, would undoubtedly cause lamina 
with a prepondernace of Scytonema to alternate with laminae containing a preponderance 
of Schizothrix, which is, indeed, what occurs in the Lake Forsyth region. 

The same kind of process is probably responsible for the dark organic layers in the 
specimens from Twelve O'clock Cay. Here the sedimentary layers contain chiefly 
a filamentous form (probably Symploca again), and the more organic layers consist 
of a complex colony of deeply coloured unicellular forms, which make a dense film 
over the whole surface of the structure. The filamentous forms probably grow com- 
paratively quickly through the newly deposited sediment; the unicellular forms, 
however, do not do this, but only colonize the exposed outer surface, where they form 



SEP 12 2002 10:01 FR CISTI ICIST 



613 998 5283 TO 17033084516 



P. 17 



OF ANDROS ISLAND, BAHAMAS. 17g 

a dark coloured, mucilaginous layer which protects the sediment underneath from 
re-erosion. 

m Effect of Fluctuations in Water ML-Tba seasonal rise and fall of water level 
in the mtenor of Andros has the effect of alternately gently flooding and draining the 
algal flats, but desiccation is probably quite rare. The effect of partial drymgis to 
suspend the growth of the alg*, and possibly induce the formation of resting spores 
Qd i re-wettmg Seytonema takes a very long time to begin a fresh growth, whilst 
bcktzothnx produces an abundance of filaments comparatively quickly. 



V. — Relationship to the Environment. 
(a) Lake Forsyth. 



The Lake Forsyth country forms part of the interior belt of low salinity which runs 
through the centre of Andros Island. Wide expanses of drewito flats surround the 
north-easter y part of the lake, and stretch for considerable distances north and south 
T 7 ^ ° f T7Pe °' Which f0im a closel 7 «* P^ement of 

stone L I ^J™*-** ^ e al § al flats "» ^terrupted by a low outerop of lime^ 

JS? nf I W t T T t teS r6gi0n h ° m a SerieS 0f brack ^ lakes draming into 

c^ormtbtv * ^ ridg6 ' UP ° n wMch -st Z 

conformably the spermophyte vegetation becomes more important, and conditions 
become unsmtable for the formation of well-shaped algal heads* There are 2 ™2 
within the marl flate where algal heads are not formed, and the algal beds give fZ 

11 ? ! 3ed T ntS ' "' f ° r in3tanCe ' » l0cal development of manl" 
wamp where the ground is permanently under water. In these localities a 

deposed 00 "' COn31Stmg ° f ^ a ^ V 0 ^™ of fbLg 
The lake is not tidal, and appears to derive enough water from the drainage of the 
surroundmg counfcy to keep its outlet, the White River, in constant flow For the 
same reason, although the surface of the lake is only a few feet above seTlevd hi 

httle from 1-25 parte per thousand. The territory surrounding the lake is sleet 

the time when we were in camp on the shore of the lake, the water level was hi*h 

Z!Z S r7 ° f fl the ^ ^ Wt a P»> of the mLhes^S 
stood above water. The floor of the lake is covered with a very fine-grained depodt 
of calcxum carbonate, and it is possible that storms such as ordinary Sirs wS 
^ up sednnent mto the water, may also be responsible for deplt^ i "ht 

appear to be the most miportant agents in spreading subaqueous sediments over the 
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(6) Stafford Lake. 

The eastern end of Stafford Lake is 
bordered at water level by a limestone 
platform which is locally covered by a 
thin deposit of peaty drewite, see fig. 7. 
At the junction between the drewite and 
the limestone, several distinct growth 
forms of algal colonies are to be found, 
but where the drewite is thick enough 
to mask the limestone completely, algal 
heads exactly like those of Lake Forsyth 
appear, with the same species of Schizo- 
thrix and Scytonema. At the eastern 
end of the lake, such deposits are 
restricted in area by the limestone 
outcrops, but further west, the thick- 
ness of unlithified sediment becomes 
greater, and .the drewite flats increase 
in extent until they stretch completely 
across the lake. The ground water 
conditions appear to be more closely 
related to the fresh water areas in the 
south and west, rather than to Stafford 
Lake itself, which is in part tidal, and 
distinctly saline (14-20 parts per thous- 
and at our camp, lat. 24° 50' N., long. 
78° 0' W.). This difference is also borne 
out by the fossil fauna of the surface 
layers of drewite, which show a fresh- 
water (Amnicolid) assemblage, quite 
distinct from the brackish water assem- 
blage in the sediments now accumulating 
on the floor of Stafford Lake. Conse- 
quently, although the drewite flats on 
which the algal beds are now being 
formed border a saline lake, it appears 
that the local conditions of growth are 
similar to those at the headwaters of 
Lake Forsyth. The algal flats are 
separated from the shores of Stafford 
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' 3 ^ ° f ^ fl8mmW **** and Where ^ absent, it is found 

Ortta. is an area with no algal deposits at all comparable with those o f iT 

eastern end^lT^l° f 7^ ^ the mars ^ « the 

eastern end of the kke, the conditions for algal growth are quite different from those 

which prevail on the marshes themselves. The supply of sediment is neghglle ~Z 

E"^ ^Tf 13 IT*** to ram - Wat6r > and *• -ck surface drains faEdty 
The algal heads found here are of the radial type mentioned on p. 170. * ' 

(c) The Southern Bight. 

JEhe north shore of Southern Bight is bordered by drewite mud flats which rise with 

noodtt m ^ tlble . sl0 P e the bight to higher ground beyond th e rlTc f 

inSf 7 I ^ SP T g ^ Wt belt > wbict remains covered by a few 
inches of water at low fade, supports a vegetation dominated by green ak* CauleZ 

S W 7, v r 1 ^ b7 * SHght m tte Surface ° f ground, is a 
higher mud flat which is not reached by ordinary neap tides, but is sligSly flooded 
by spring and other heavy tide, This forms an area of slow deposit of £ £££ 
flooding happens to coincide with rough weather, during which seLent L I feed ™ 
ST war a, ^ b6lt ° f ^ " C ° Vered ^ • «^ or mud which" ^ 

^j~r^ agam -, ^ s mud flat is c ° wed * - d 

fartwl ^P"™usly laminated structure (Type A) described on p. 171 Goine 
s tu! h yJ^ reaGh ° f ^e surface of the drewitel found to Z 

si ghtly ■ hOufied, presumably through the action of rain-water, and ou^ o 
Pleistocene limestones also appear; conditions here become favourable f oHhe un 
interrupted growth of Scytanemo, and the sedimentary structures ^^TtotX 

(d) Twefoe O'cfodfe Coy. 
iSMB AJtiough this region is normally sheltered from heaw wave art™ j- 

vol. ococxir,— b, 2 
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(e) The Wide Opening. 
The algal beds which occur on the north side of the Wide Opening are similar to 
those of Twelve O'clock Cay, except in their being colonized to a greater extent by 
mangroves. They ire probably washed at every tide unless the wind sets strongly 
off shore, when the water is blown out of the Wide Opening. The salinity varies 
considerably, since there is a substantial amount of brackish water drainage entering 
this gulf. Our only determination gave a salinity of 17 • 87 parts per 1000, but as thk 
sample was taken at lowest ebb tide, the figure is undoubtedly lower than the normal • 
with the rising tide, the Wide Opening fills up with sea water-37-8 per 1000-and 

.^J™*™^* the water level » enough to flood the algal beds, the salinity 
must have risen to between 36 and 37 parts per 1000. 

(/) The Fresh Creek Lakes. 
The lakes at the head of Fresh Creek present an interesting series of algal deposits, 
which are still under investigation. In the localities examined, which are all along 
the southern shore of this lake system, there are extensive outcrops of limestone 
The ground stands several feet above the surface of the lakes, and appears to receive 
sediment at very rare intervals. Although the lake water is shghtiv saline, the ground 
water is fresh, and the recent sediments have a hard, cemented crust. Most of the 
algal deposits are non-sedimentary, and resemble the cemented forms from Stafford 
Lake and Southern Bight. There is, however, one sedimentary form (Type D) which 
is remarkable because the algal heads become completely detached, and are f transported 
by the wind until they are deposited finally in one of the lakes. 

(g) Review of Relationship to the Environment. 
Eeviewing the geographical relationships of these algal deposits, we see that they 
mark a borderline facies between land and water-and, indeed, they often occupy 
territory which the cartographer hesitates to assign to either. Their structure depends 
upon several rhythmic processes, foremost amongst which is the alternate flooding 
and draining of the areas in which the alg« grow. Since they are essentially mechanical 
stents, as opposed to the organic accumulations of coenoplase and calcareous 

?' ? T ° nly deVeI ° P * X ^° m wtere calcium donate * dominant 
sediment. Thus, unlike the lime extracting algae, they could not produce their character- 
istic forms in streams or lakes, unless there were also a sediment of solid carbonate in 
suspension. 111 

(h) Early Development of the Algal Heads, and Relation with the Sediment below 

JL» th \ l0 r.f r 6Xamined ' the 8Brface ^ ^e sediment between the algal heads, 
no matter what its former irregularities, is completely covered by a mucilaginous alga 
skm, and there can be little doubt that the algal sediments described in this paper 
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originated as algal films on mechanically deposited sediments. In the early stages 
of development, the form which an algal head may take seems to depend to some 
extent upon the nature of the sediment. In regions of sandy sediment, such as Twelve 
O'clock Cay, the characteristic, dome-shaped structure, probably originates round 
some irregularity on the surface of the sediment; this becomes colonized by alg®, 
which begin to accumulate sediment around them. Once the domed structure has been 
initiated, the algal head will tend to increase its size by the addition of fresh layers 
deposited concentrically round the earlier ones, producing algal heads of Type B. 

In the interior of Andros, round Lake Forsyth and Stafford Lake, the algal heads 
are initiated, most probably, in a different way. The sediment is of a fine enough 






Pig. 8.-Earl 7 Stages in the Development of Algal Heads of Type C. x For explanation, see the text 



texture to produce desiccation cracks on a slight drying out of the surface layers, 
fig. 8. Once this has happened, each desiccation polygon becomes sheathed in a felt 
of algal filaments, and with further growth, the polygonal outline is lost, and a circular 
disc is produced. Further growth tends to fill up the gaps between the disks, and to 
cause a doming of the upper surface. A repetition of desiccation at this stage causes 
the upper layers of the algal head to shrink ; the peripheral part then tears away from 
the material filling the interspaces between neighbouring algal heads, and a slight 
upward curling of the outer edge gives a concave or saucer-shaped form to the upper 
surface (see fig. 4). A renewal of growth then gives rise to the characteristic structure 

2 B 2 
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of Type C. The development of Type D probably follows the same plan, but does not 
appear to go so far as in that of Type C. 

When algal heads of Type C attain a considerable thickness, it is often found that 
only the top inch or inch-and-a-half retains an appreciable quantity of organic matter, 
and although, the earlier formed layers still retain their laminated appearance, the 
laminae are now marked out as alternating grey and white bands, with relatively little 
plant material left. That the disappearance of this organic matter is brought about by 
bacterial decomposition, is made probable by the recent discovery of very active cellulose 
and hemi-cellulose destroying bacteria, and also of agar-liquefying bacteria, in the 
mangrove swamps of western Andros, (Bavendamm, 1931 and 1932.) 

VI. — Comparison with other recent Cyanophyceous Deposits. 

Amongst recent calcareous algal deposits, the Bahaman sediments stand apart from 
all other recorded examples in being completely unlithified, and in consisting of clastic 
material collected by, but not precipitated by, the algae concerned. This tendency 
of the Cyanophyceae to collect clastic material and retain it amongst the mucilaginous 
sheaths of the thallus, is no recent discovery, and the importance of these plants as 
pioneer colonizers of newly deposited mudflats has long been recognized. These 
phenomena have, however, mainly been observed in regions where argillaceous (and 
to a less extent, arenaceous) sediments are predominant, as for exaujple on the shores 
of estuaries and deltas (Carey and Oliver, 1918, pp. 170-173), and the possibility 
of the development of this kind of algal colonization on a vaster and more elaborate 
scale in regions of limestone sedimentation has not fully been realized. 

Numerous occurrences of calcareous concretions have been described in which the 
lime is believed to have been precipitated through the activity of blue-green algsa. 
In all these, the calcium carbonate is thrown out of solution because the physiological 
activities of the plant cells disturb the chemical equilibrium of the surrounding water ; 
the solid carbonate, as a consequence, is completely external to the plant cells, and 
may either come down as a loose precipitate, or as a hard stony encrustation round 
the algal colonies. All the limestones which are known to originate in this way are 
being precipitated in fresh-water lakes and streams, in contrast with the Bahaman 
sedimentary deposits, which range from fresh lake water to water of ocean salinity. 
A further point of importance is that all the previously described cyanophyceous 
limestones either require a nucleus or hard substratum upon which to grow, or else 
they take the form of nodules with a structure of hard, concentric envelopes. The 
stratigraphical relationships of the Bahaman deposits are somewhat different, for here 
the algal beds themselves form an incident in the deposition of a series of stratified 
sediments, and they develop on the surface of completely unconsolidated material. 

An example of a cyanophyceous deposit which shows some interesting points in 
common with the Bahaman material is described by W. Wetzel (1926) from the valley" 
of the Eio Loa, where it flows through the Atacama Desert in Chile. The unlithified 
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form a surface .modification of the sediment upon which they grow, the water biscuits 
are formed each as a separate, lithified individual, completely detached from its substra- 
tum, and deriving its carbonate largely or entirely by precipitation. Thus each water 
biscuit consists of a series of concentric shells, each one entirely enclosing the previously- 
formed part of the structure-an arrangement in strong contrast with the construction 
oi tne ±5 shaman deposits. 

The author knows of no records of modern cyanophyceous limestones in process of 
formation in the open sea. H 0eg has recently described a series of post-glacial 
stiomatolitic plates, discovered on the cliffs of Main* and Sven0r, in the Oslo Fjord 
and has shown that they are probably of marine origin. Unfortunately, their growth 
appears to have ceased some considerable time ago, and it is difficult to reconstruct 
the conditions which favoured the deposition of calcite in this particular from. H0eg 
(1929) suggeste tiiat the carbonate was precipitated from sea water through the agency 
of blue-green alga, or of bacteria, and points out that the structure and arrangement 
Z ?* 0m ?% htlC P ktes » *«»dy » agreement with an origin by precipitation. 
In this they differ entirely from the Bahaman deposits, for thev are thoroughly lithified 
and have a compact crystalline structure. * 

A comparison with the Precambrian and early Paleozoic stromatolites, to which 
the Bahaman sediments show a certain resemblance, is beyond the scope of this paper, 
and will be considered separately in a later communication. 

VH- — Description , of Species. 

m^TST gr °T i BEI T EY > KtiTZDra ' % Pi*** ambling <?• gr*»» 

m ,tS ^ WaS foimd m ^e marshes near Lak^-Forsyth. It differs from typical 




Pig. 12. 



Fig. 9. 




Fig. 10. 




Fig. 11. 



Forsyth (fig. 11), and in the diffuse form, from Twelve O'clock Cay (fig. 12). X 1000. 
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material in its larger size, and also in the conspicuous jade-green pigmentation of the 
sheaths, especially in the case of families of four or more cells, in which the innermost 
sheaths are often deeply coloured. This form is therefore best regarded as a variety 
of G. granosa, for which the name (Mora is proposed. 

6. granosa (Berkeley) var. chhra nov. Cells apple-green, 4-6 microns in diameter • 
individual sheaths olive-green to jade-green in colour, more strongly pigmented m' 
the older colonies, non-lameUose, 12-14 microns in diameter. Colonies up to 75 microns 
in size, the inner common sheaths pale green, the outer ones colourless. 

Habitat.— Amongst other Cyanophyceaa on the moist surface of chalk marshes ; at 
the type locality, the water is almost fresh. 

Locality.— Lake Forsyth, Andros Island, Bahamas. 

Gheocapsa vmdis sp. nov., fig. lO.-Cells 0- 75-1-0 microns in diameter- sheaths 
2-5-5-0 microns, bright grass-green, usually strongly lameUose; plants in clusters 
from a few cells to groups of about twenty microns. 

HabUat.-Ou sandy ground, liable to be flooded by sea water ; at the type locality 
intimately associated with 6. magma. ' 

LocaUty.-TyreWe O'clock Cay, Middle Bight, Andros Island, Bahamas 

Aphanocapsa marina Hansging, figs. 11 and 12.-The small Aphanocapsa which 
is found in great abundance at Lake Forsyth, and at Twelve O'clock Cay, only differs 
from the typical A. marina in the rather greater size of its cells, which range from 
0-5 to 0-75 microns, as compared with 0-4 to 0-5 microns in the material described 
by Hanging and by Foslie (1890/ p. 169). The cells of the Bahaman material are 
Pale green ; near ^Lake Forsyth, where the water is almost fresh, the plant is sometimes 
found m well-defined, oval colonies, up to 12 microns in diameter, but it is usually 
m the form of a geUtmous shapeless, mass, filling the spaces between other blue-green 
alga*. At Twelve O'clock Cay, the plant was found abundantly near high-water mark 

other'algT the Spaces between sand B»*«. « amongst 

PUctonema atromride sp. nov., fig. 13.-Filaments 4-5 microns in diameter, straight 
rarely with a slight spiral tendency, branched freely at first, but later sparingly • 
false branches usuaUy solitary. Sheaths firm, the outermost one hyaline, the inner 
deeply coloured, dark jade-green, almost opaque. Trichome one micron broad, with 
cells 6-8 microns in length. 

• 3 ^ - G *°™S ™»8* °^er Cyanophycea, especially in tufts of Soutonema 
in chalk marshes which are liable to be flooded by fresh water 

T ^ ^ ° f Lake F0rSyth ' and near the shore of Stafford 

Lake, Andros Island, Bahamas. 

• R T^ 1 T~ T ^ S P« d V eSCmblCS P - no* 10 "™™ m ^ form and habit, but differs 
in it* thick and deep y coloured sheaths, and also in the greater length of its cells. In 
ite unusuaUy long cells, it may be compared with P. terebrans, but differs again in its 
stout sheaths. It also shows some similarity to P. radiosum, but is a distinctly smaller 
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Fig. 18.-Pfa*me«a afrwtnfc sp. n0 v., Lake Forsyth, Andros. ( a ) Part of a * v 

sheaths, t*e inner one deeply pitted, andTuo the ^ftLS^So* t^l T 
filament wrth the inner sheath bleached to show the trichome. x 3000. W Part of a 

woolly tufts, dart fead-grV „ ^ ^ ^HS^S? "* ^ 

ou«r edge, !«, micron, in diamete^ and up to a 

strongly lamellose ; the innermost lamella is deep sare-areen ^,1 !. 

times dark enough to obscure the trichome ilZ 3efXal ^ f " 

-tata; atcertaimevels.thelameU, are strongly d^gS^o^ "> 

broad, pale green or colourless funnel-shaped ocreae.' TrickomeTTo ° ' 

diameter, with ceUs quadrate or dightly longer than broad; ITZJZZLT™ " 

Heterocyste the same width as the trichome, or a little wider atl 

tw.ce as long as broad ; outer wall of the heterocyst hyaline ^cZfantl u " 

7*0*. granular centre. False branches free, anl usually tteT ' 

JStSr* — — * — - • per 
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Pig. H.—Scytonema androsense sp. nov Lak« HV>™«* / \ i> _x , ; 

of a filament, x 480 (d\ Pan- „f * «i A A , 5 { ' Cliaractenstlc growing apex 
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for^Hch l^f* ^ Pknt is best ^ded as a variety of S. arust^m, 

lor wiucn the name catenttia is proposed. 

tuft ITT t T DH ' ^ ^^^-^tsfonning matted strata and woolly 
tufts, dark grey to deep green in colour. Filaments 20^5 microns in diameter often 

clur W ° Uter 6d f ' Sh6aths ° f « di^gent lamell*, olive-brownt 
colour. Spreadmgocre* absent. TricW 5- 0-1 2- 5 microns in breadth, with spherical 







Fig. 15.— ScyUmema cruslacZm Tr™. i« e ! ^ g 

nr. catenuta, Lake Forsyth 16. Scytonema crustaceum var. calenula. {o ) Nor- 

Part of plant to show the diver- ^ethod of branching. X 200. <6 H i) Branches 

gent sheaths. X 150 7 parti&1 ra P tm 01 ^-rupture of the 

. ... 8heati8 - x150 - («H?) Typical heterocysts. x 500. 

Patof solitary fTTL, t M ° all3r ^ ^ Iess * 
^ »«o«Uted with A „*i*«. 
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VIII. — Summary. 

(1) Algal deposits, with characteristic structures, in some respects resembling 
certain Palaeozoic stromatolites, are developing over a considerable area in Northern 
Andros Island. 

• (2) Several geographical belts can be recognized in the island, and the algal deposits 
in each belt possess a growth form distinct from that shown by algal deposits growing 
in other belts. . 

(3) The calcium carbonate which goes to make up these deposits is not necessarily 
precipitated by the algse responsible for the structures, but consists of essentially 
mechanically entrapped sediment. 

(4) The algal deposits are entirely unlithified, and do not require a solid substratum 
upon which to grow. They originate normally as a surface modification of uncon- 
solidated sediments, and well-developed algal sediments are found to pass laterally 
and also downwards, into ordinarily bedded sediments. 

(5) Generally the characteristic structure is produced, not by a single species but 
by a community of organisms ; this is especially true of the structures with a dominantly 
concentric arrangement, as opposed to a radial one. 

(6) Any particular species of alga may enter into, and help to build up, more than 
one type of rock structure. 

(7) Although this kind of structure is best developed in regions of low salinity it 
is also found in localities where the salinity is essentially that of the open ocean. 
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"~ EXPLANATION OP PLATES. 
Plate 21. 

Pio. 17.-Mangrove flate on the North shore of the Wide Opening seen at ebb «*. a 

colonized by algal heads of Type B "P 8 *"* at ebb tade - **U «m 

we 4 or 5 inches in diameter. 01 ljata Fors 7*l»- The individual discs 

Plate 22. 

languished at this magnification and the abal i ^ ad Phormidwm ^not be dis- 
^^^^E^ * the a Ig al fiWts and the ^ of 

lower half of the figure. Neaf^e ton of u * i3 " the 

-^eenfi^tso^ 

%fc, m ^a I g^rr4 g ^ The d« k layers eonsi, 

Fig. 26.-Type C Thin S ~S»T T • T* 6 to "P 60163 o£ Scytonema. Reflected light. X 10 
y i/pe..v. nun section, showing sections of atari tnh»* tn~*~ « „ m 8 lu< 

X 100. 8 1 gW tubes iocyumema, spp.). Transmitted light. 

Pre. 28.— Radial algal head, from Stafford Lake The one* ™™„ 
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